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Abstract

Changes in molecular level network structure have been investigatedfor natural rubber cured by low
sulphur system and Novor™ system by measurement o f continuous and intermittent stress relaxation.
These measurements indicate that, Natural Rubber (NR) cured by Novor™ system, shows more
crosslinking and scission reactions at temperatures between WO and 130"~ C, whereas at higher
temperatures between 150 and 160 *C, shows lower crosslinking and scission reactions compared to NR
cured by low sulphur system. At temperatures between 100 and ISO™C, NR vulcanised by low sulphur
system shows a lower permanent set, and at temperatures between 150 and 1607, shows a higher
permanent set as compared with NR vulcanised by Novor™ system. The ageing o f Novor™ cured natural
rubber, perhaps results in the occurrence ofintermolecular interactions such as hydrogen bonding. A
lower value of activation energy of stress relaxation shown by Novor™ cured NR, indicate that its

machanism o fdegradation is not identical to that o flow sulphur cured NR.

INTRODUCTION

The study of decay of stress at constant
elongation and temperature was used as a physical
index of chemical deterioration of rubber'. When
natural rubber is exposed to elevated temperatures
simultaneous crosslinking and scission reactions
take place due to interaction with molecular
oxygerY™™ . It is known that these crosslinking and
scission reactions are responsible for the
permanent set which occurs in rubber samples
that are deformed and then released after a
definite period of time. Andrews Tobolsky and
Hanson * had proposed a molecular theory of
permanent set for rubber during stress relaxation
at elevated temperature. The permanent set was
also related to the creep phenomena observed in
elastomers”™ The occurrence of permanent set is a
serious limitsition on the performance of rubber
products in service. The molecular level chaises
of network structure  which account for the
permanent set has important implications in the

wearing and cracking of rubber articles, such as
gaskets seals etc. at elevated temperatures.

Conventionally the efficient vulcanisation system
(EV) has been used for samples requiring good
resistance to high temperature. Later on an
entirely different class of wvulcanising agents™
based on the reaction products of nitrosophenols
with diisocyanates was introduced for application
to high temperatures. The crosslinks produced by
these chemicals afforded excellent ageing and
reversion resistance. Natural rubber vulcanised
with conventional sulphur systems has very good
&tigue resistance but deteriorate after ageing at
high temperature. The EV system has
comparatively low fAgue resistance, but it does
not deteriorate on ageing at 100®C. Novor’™
system shows an initial &tigue resistance similar
to EV system but exhibits a in”roved &tigue
resistance after ageing at 100®C for 7 days with
no change in modulus or hardness.The retention of



stifl&iess with improved fatigue resistance
exhibited by Novor™ cured samples is extremely
useful in many engineering applications of rubber.
An attempt is made to understand the changes in
molecular level network structure that occur in
natural rubber vulcanised using the low sulphur
(EV) and the urethane system (Novor™”®, by
studying continuous and intermittent stress
relaxation at elevated temperatures. By these
studies it is possible to separate the degradative
process into crosslinking and scission reactions”.
For a homogeneous netN\ork in which all network
chains are at equilibrium at length. I, the equation
relating stress and elongation to attain length lu in
terms of concentration of net“vork chains in
rubber is given by

f = skT [ ({/luf- (lu/l)]------------- (n

where f is the stress per unit attained cross
sectional area, s is the number of network chains
per unit volume of rubber, k is Boltzmann's
constant and T is the absolute temperature. Thus
at a fixed extension and constant temperature the
stress produced is entirely due to the load sharing
of rubber chains. Hence if network chains break
then the stress would decay. Hence at any time, t
f(t)a s(t)

m m  =s(t)/s(0) - (2)
f(o) and s(o) denote the corresponding values
at time -0

It is possible that, if an\- new chains are produced,
then some will bear the load and some may not.
Hence in a rubber sample maintained at a fixed
extension there will be two t>pes of network. One
t>pe of network that is in equilibriumwith the
unstretched condition and the other t>pe of
network which is in equilibrium with the strctched
condition.If the unstretched and stretched lengths
are denoted by lu and Ix respectively and the
final length or set length by Is, then we ma>* write
for two sets of networks the following two
equations.
fu= s.kT[(IsZ1u)™-(lu’/ls)) —(3)
fx= s . kT[(Is/Z Ix)"-(IXxXA s)]--—-—--- (4)
where f,, is the stress per unit attained cross
sectional area which have their equilibrium at
unstretchcd length and su the number of those
chains, f* and s™arc the corresponding stress and
number of chains which are in equilibrium at the
extended length.

For equilibrium at permanent set,

f, - -f,

Substituting (3) and (4) in (5) and by
simplification we get
Sulx'/Sxiu™ = be s/ IxA-lun — (6
%Permanent set=(Is-lu)/(bc-lu)xIOO — (7

= (Is/lu-1)/(Ix/1u-1)xIOO

From simplification of equ. (6) we get
Is/lu = [{(Ix/1u)’-1/(s”s«) (Ix/Iuf +1))+ 11"

Substituting eqgn (9) in egn (8) we get
%permanant set = [{(CiZ((sI/Sx)C21)) +1}'~- 1]
c3a (10)
The stress value given by continuous cune is
proportional to su and that giyen by
intermittent curve is proportional to su + sx.
If f7fo values given by continuous curve is
designated as U and the difference in f/fo \'alues
of the intermittent and continuous curves as X,
then

sjsx = U/X e ()
%Permanent set= [{Ci Z{(U/X)C2+ 1)+I -1]
c3 e (12)
where Ci, C: and C3 are constants.

C, = (\xAuf - 1

C?2 = (Ix-luy®

C3 =100/(Ix/1u)-I

MATERIALS AND METHODS

The Novor™ 950 \-ulcanising system was
obtained from Malaysian Rubber Producers
Research Association (MRPRA) UK.. The
formulation of the mixes are shown below.

Table 1: Fomiulation of the Mixes

E N
Natural Rubber 100 100
Zinc Oxide 5 5
Stearic Acid 1
IPPD* 2 2
Novor  950' - 7.3
ZDCn - 2
Sulphur 0.2 -
cBS” 5.0 -



1 N-Plicnyl-N'-1, 3 dmicihylpropvl -p-
phcnylencediojninc

2. Rcaclion product of nitrosophcnol and
diisocyanatc

3. Zinc dicihyldilhiocarbamalc

A. N-Cyclohc\yl-2-bcnzothiazolcsulplicna- j
midc’

The formulations were adjusted so as to have the
same extent of crosslinking as obtained from
rhcomctric torque. The rhcographs of the mixes
are showTi in Figurel. The mixes were prepared in
a laboratory- size 2 roll mixing mill. Sheets of
about Imm thickiicss were moulded at 180®C for
the optimum curc time. Stress relaxation
experiments were earned out in an Instron (model
3111) Universal testing machine. The rite of
separation of the grips was 50 mm/min. D\-namic
mechanical properties were determined using a
Perkin Elmer (mode! D.MA7) dvnamic mechanical
tIKrmal analvser.

Tme (min)

Fig. | Rheographs of the mixes.

RESULTS AND DISCUSSION

Permanent scl results for natural nibber
vulcanisates cured by low sulphur s>stem
(Table!) at 100°C and 100% strain are showTi in
Figure 2.

Experimental permanent set values obtained from
separate samples are marked in circles. The
permanent set values calculated from permanent
set theory' developed by Tobolsky et a™ arc shown
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Fig.2 Permanent set of kew sulphur cured
M 3iio(?c

by continuous lines. The permanent set values arc
quite low* and there is good agreement between
theoretical and experimental values. The stress
relaxation behaviour and permanent set values of
NR vulconisates curcd by Novor™ system at
100®C and 100% strain are shouu in FigureS.

AContinuous /Nntermitterrt
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Flg.3 Permanent set of Novor cured
NR at too’ C

The permanent set values are comparatively
higher than that of NR vulcanisales vulcaoised by.
EV system. There is an increase in the intermittent
value of stress relaxation at larger times at 100®C
for Novorf™ vulcanised NR showing that at this
temperature, compared to EV system, NR cured
by Novot™ system has more crosslinking
reaction. Since Novoi™ system has urethane
linkages, the isocyanates formed during ageing
can form hydrogen bond.
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Fig. 4 Permanent set of low sulphur cured

NR atIX~'C

The dccay of stress at 130°'C and 100% strain for
the NR curcd by EV sj'stcm is shown in Figure 4
and the corresponding curvcs for NR cured by
Novor™“system arc shown in figurch

Log tima.sec.

IContinuout”inlerrrMnent
Cal. % QE«pd Kt %

Fig.5 Permanent set of Novor cured
NR at13(f C

Both experimental and calculated values of
permanent set which has good agreement arc
lower for EV system. In Novor s>'stem both
crosslinking and scission are more rapid as the
intermittent curve sho\¥s less stress decay and the
continuous curve a more stress decay than the
corresponding curvcs of EV system. This results
in a higher permanent set for the Novor™ system,
similar to its behaviour at 100®C.

The intermittent and continuous stress relaxation
data along with permanent set \alucs for EV
system at 150®C and 100% strain is shown
Figure 6 and the corresponding values for the
Novor™ s\stem are shown in Figure 7.
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Fig. 6 Permanent set of tow sulpr.«ir
cured NR at C
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fig.7 Permar~Tt set of Nowor ojrac

NRatISCPc

In continuous stress rela.xation. though the initial
stress decay of efficiently v-ulcanised samples is
small, after about an hour, the rate of stress
relaxation, becomes higher than that of Novor

vulcanised samples. During intermittent stress
relaxation contrary to the behaviour at 100°C and
130®C, efficiently vulcanized samples show a
lower stress decay at higher temperatures. This
results in a higher permanent set for efficiently
vulcaniscd samples at 150°C. At lower times the
efficiently wvulcanised s>stem shows a lower
permanent set, whereas at higher duration of time,
Novor vulcaniscd system shows lower
permanent set. Thus it appears that m EV s>stcm
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Fig.8 Permanent set of low sulphur cured
NR at 160°b
more crosslinking and more scission rcacDons
take place compared to Novor™ s>stem, at

The stress rcla.\ation characteristics at 160®C for
efficiently vulcaniscd samples is shown in Figure

8 and that of Novor vulcaniscd samples in

Figure 9.
Continuous “Intermittent
al.set% QExptlset%
Fig. 9 Permanent set of Novor cured

NR atl160«C

The behaviour of samples is similar to that ai
150®C. After about half an hour, the efficienlK'
vulcanised samples show a greater stress decay
than, the Novor cured samples. A higher
pennanent set is also seen for the efficiently
vulcanised samples.

Figure 10 shows the continuous relaxation curv-cs
at Uvo different strain of 100% and 166% for the
Novor™ wvulcaniscd sample at four different
temperatures.

—100% *166% B 100% *166%
5100% *166% B100% *'66%

X Effect of strain on stress relaxation
Fig 10 oflow sulphurcured NR  )uu ~.I3U 8.
150®C and K»0"

Effect of strain on stress relaxation
of Novor cured NR at 100 &.
la0O”C.1SO”tand 160 t

Fig. 11

Figure 11 shows the effect of strain on stress
decay for the low sulphur cured s>stem. The
stress decay is highly temperature dependent but
varies only marginally with strain. This is similar
to the observation noted earlier™ that deca>’ of
stress u'as independent of the strain. The marginal
difference for decay of stress could be due to the
higher thickness of the test samples which were
around 1.2 -1 .4mm.

The acti\'ation energ)' (AE) for stress rela.\ation
for Novor”®’ s>stem is 23.16 Kcal/mole . The AE
for EV system is 30.73 Kcal/mole which is ver>'
close to the theoretical value (30.4 + 2 kcal/mole)
reported”. This shows that the mechanisms



co/iiroUing degradation arc not cxactly the same,
in NR vulcanisatcs curcd by EV and Novor
systems. This is contrary to the earlier
investigations

The viscoelastic behaviour of NR cured by EV
system and Novor system, under isothermal
conditions at 180® C is shown in Figure 12.
In the early stages of degradation the low

Fig. 12 Viscoclastic behaviour of NR curcd by
EV system and Novor  s>sicm, under isothermal
conditions at 180®C

sulphur curcd \'ulcanisatc, shows a higher clastic
modulus and a lower damping. However, at later
stages of degradation, the viscous component
increases as shown by an increase in damping and
a decrease in elastic modulus. The Novor  curcd
vulcanisate docs not show much change in the
elastic modulus or damping over e time range
studied. So the EV cured vulcanisates show a
higher extent of scission,than Novor ~ ~cured
vulcanisates at higher temperatures.

Photograph 1 shows the samples subjected to
stress relaxation at 100% strain for different times
at 160®C. After 5 minutes the low sulphur
vulcanised sample shows a lower permanent set
while at longer time the Novor vulcanised
sample shows a lower set. Photograph 2 shows
the samples subjected to stress relaxation at
diflFerent temperatures and times at a strain of
166%. At temperatures of 100°C and 130°C the
efficiently wvulcanised system shows a lower
permanent set value whereas at higher
temperatures the Novor™ vulcanised sample
shows a lower permanent set.

NR by tV jnd S>uxfni
Subjcclrdta SirtM Rtlaiailsa Ctinc a Slrtin of
JOQV. m( 160 *C for Viri«« Timrt

k¢
\«dt

Photograph

Nil Vvw iftUsin by CV Nvtvr
S«b{f(Wtf M .Stnw HtUuilM I'ttoi*
IM*Aal Tlaa*ia*4

Photograph 2

It has been shown earlier that as a result of
interaction with molecular ox\gen, the primary
bonds were getting ruptured. The bonds could be
the double bond , the carbon atom in the a
position of the double bond or the crosslinking
bond. In the Novor”™ vulcanisation crosslinking
involves a diurethane structure which is more
flexible i
compared to EV system which involves either -C-
C bond or -C-S-C bond. Novor * cured samples
showed a Tg of - 60° C while EV cured sample
showed a Tg of-58 ° C. The urethane can change,,
to an isocyanate af high temperature’.

isocjanates rcact with urethanes it will lead to®
increased branching.The crosslinking reactions ofj
EV s\'stcm docs not lead to increased branching- ~



I CONCLUSION

‘temperature, at

Aen deformed and maintained at constant
higher temperatures between

150®C and 160®C natural rubber cured by NovoV

r (R svstcm shows a lower permanent set than NR

1

;cur™ by

low sulphur system, due to lesser
crosslinking and  scission reactions. On
deformation at lower temperature be”~vcen 100
and 130°C the low sulphur system shows a lower
permanent set due to lesser crosslinking and
scission reactions. On ageing at 100°C, NR cured
bv Novor™ system shows a higher modulus,

possibly due to intermclecular interactions like
hydrogen bond.
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