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Structural characterisation ot CBS—accelerated
vulcanizates of 3BR and NBR as a function of type of cure
system ard cure time was investigated. It was found that
SBR and NBF vulcanizates obtained from cure systems with
accelerator to sulphur (A/S) ratio of J).6/2.5 have higher
crecsslink densiti2s than that obtained f£rom A/S ratio of
1/2. SBE and NBF vualcanizates were foual to exaitit modulus
reversion on prcloajed curiny. For th2 same cure systen,
SBR vulcanizates were found to show gyreater degree of
modulus reversion than the N3R vulcanizates and the degree
of modulus reversion in both rubbers increased with decrease
in A/S ratio. As expectaed, the proportion of monosulphidic
crosslirks increased at the expense of poly- and disulphidic
crosslirks with increasing cure time although
dissimilarities in detail behaviour were observed. The
crosslinking efficiency £or both cure systems used wvere
relatively low. Tae crusslinkinj efficiency parameter, E,
was observed to decrease for NB32 but the E value for SBR
vulcarizates exhibited different tendencies, The amount of
main chain modifications occurinj was founi to increase on
prclonged curing anl this increase was wmuch greater in
vulcanizates obtainel from A/3 ratio of J.5/2.5.

The polymec—-benzene interactioa parameter, X , was

obkserved to vary w€with cure systems and cure time. Chemical



Frobe *reatments aid the effect of reducingy tae X value.



ABSTRAK

Pencirian straktur vulkanisat 33R dan NBR yang
dipecutkan oleh (€33 sebagai fungsi sistea-sistem pematangan
dar masa pematangan akan diselidiki. Vulkanisat SBR dan NBR
dari sistem pematangan deaygan nisbah peam2cut kepada sulfur
(A/S) C.€/2.5 dilapati mempunyai ketumpatan sambung-silang
vyang lebih tinggi dari sistem pematanjaa dengan nisbah (A/S)
1/2. Peratangan yang berlanjutan terhaidap vulkanisat SBR
dan NBR menunjukkan penerbalikan modulus. Untuk sisten
Fematangan yang Sama, vulKanisat SBR menunjukkan
renertalikan modulaus yang lebih tingji daripada vulkanisat
NBE dan darjah penerbalikan modulus Dbagyi kedua-dua getah
bertambah dengan pengurangan nisbah 1/S. Seperti yanyg
dijargkakan, kadacraa sambuny-silang monaosulfila bertambah
dan kadaran samkuanj-silany poli~ dan disulfida berkurangan

dengan pertambahan Jalam masa pematangan walaupun terdapat

ketaksamaan dalam x2lakuan detil. Secarca relatif kecekapan
sambung-silang bagi kelua-dua sistem pematangan yany
diselidiki didapati rendah. Param=2ter kecekapan

samburg-<silang, F, Jdidapati oserkurang ua-tuk NBR tetapi nilai
E untuk vulkanisat SBR me nun jukkaa kecenderungan yang
berlainan. Pengubahsuaian rantai utama didapati bertambah
dengan pematangan yiag berlanjutan dan p2rtambpahannya adalah
lekih tinrggi dalaa vulkanisat yany bernisbah (A/S) 0.5/2.5.

parameter salinag-tindakan polimer=-benzena, X, didapati



terutah dengan sistem pematanjan laa masa pematangan.
Pengolahan bahan £imia ujiselidik cerhadap vulkanisat

merqurangkan nilei X .
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1.1 Vulcanization

Raw rubber is a toujan resilient material at roon
temperature but when placed Jaander stress it undergoes
Flastic or irrecoveraonle flouw, espaecially at high
temperatures. By 1iatroducing a relativaly swail number of
chemical crosslirks bLbetween individual polymer chains, the
pFlastic flow of the —rubber is overcom2 walle the elastic
recovery of the material is unimpaired. The insertion of
these chemical <c¢crosslinks i3 kxno<4n as vulcanizatioan. This
Frocess results in several fuandamental changes in the
Fhysical properties of tae rubber. In particular, the
rukkter becomes iasoluble in normal solvents 1like heptane,
toluene, benzene and chloroform; insteal, it swells, often
considerably but to an eguiliorium volume. Also, the
load-tearing <characteristic improves since the crosslinks
intrcduced prevent viscous flow of the rupber chains. The
crosslinks producad may be chains of sulphur atoms, sinyle
sulphur atom, carboa-carboa bonds, polycovalent organic
radicals, or poljycovalznt metal ions,

There are various ways to crossliak rubbers, namely
using e€lemental sulphar, sulphur donors, orgaaic peroxides,
Fhenclic resins, wmetal oxides, and higa enerygy radiation.
These methods have already bpe=2n exteasively reviewed by
Elliot & Tidd{137%) anl Kirchaama(1973). TIne choice of metaod
derernds on the properties required by the end product for a

Farticular application. 3iace acceleratad sulpaur



PAGE 3

vulcanization was used in this project, it will be discussed

ir detail here.

1. 2 Rccelerated Salphur Vulcanizatioa

Accelerated sulphur vulcaanization, which had its
origin in the well knowa discoveries of Goodyear and
Hancock, is still tae most wildely used crosslinking method
today. This methol is suitable for the following rukbers :
natural Tubber {NR), synthetic isoprene rubber,
Eolykbutadiene (BF), s3tyrene=putadiene rabber (SBR), nitrile
rukber {NBR) , Eatyl rubber, chloroprene, and
€thylene-propylere-diene modified rubber. The process of
valcanization involves the bleadiayg of wasticated raw rubber
with a vulcanizing system coasisting o0f a pre-formulated
mixture cf vulcarizinajy ayents, accelerators, and activators.
Vulcanization is 2ffected by curing the @aix in a mould under
Fressure at a specifi2d temperature anl tiﬁe. Heating is
usually at 140°C for NR and somewhat aLyher for SBR and
NBE (up to 150=153)°C); mich lowar temperatures are possible

if specially active accelerators are usel.

1« 2.1 Sulphur vulsanizing systam

A vulcanizinj system 1is a mixture of additives

required to vulcanize an elastomer. Tane sSystem generally



employed for curiag rubper jiods coansists of three main

classes of chesmicils, namaely valcanizing agents,

accelerators, aaé¢ ac*ivatorse.

(a)

{b)

(c)

Vulcanizing ajents

A vulcaniziag agent is any caemical which can
initiate the <chamical crossliakiilyg of the rubber
molecules leading to the formation of a
three-dimensionil network. The mdo3t common vulcanizinang

agent used i3 sulpaur.

Accelerators

As the name implies, these are substances which
can increase tha rate of valcaniza+tion of rubber with
sulthur. They are alsd capable of promoting more
efficient utilization o0f sulpnar for crosslinking,
thereby improviag the properties of the vulcanizates.
Most of thess are organo=-nitrojea or organo=sulphur
compounds liksa aaiaes, guanailines, thioureas,
thiazoles, sulpheonamides, thiurams, dJditamiocarbamates,

and xanthates.

Activators

These are used to increase th2 vulcanization rate
by activatirj tae accelerator so that it becomes more
efficient., Activators can be grouped as follows :

(1) Inorganic compounds (mainly ametal oxides) such as
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zinc cxils, ayirated 1lime, 1litharge, red 1lead,
magnesiam oxide, aad alkali carbonates. Zinc
oxide is the most comm>nly useld inorganic
activator.

{2)

Orjanic carboaxylic

in cosbiaation with metal

generally high molecular wei
such as stearic, oleic, 1lau
myristic aciis.

Apart from the above, there are

ingredients, present mostly in iadustri

sach as fillers, reinforcinyj

retarders, and scfteners.

Generally, the valcaniziny

vulcanization of NR® <can be divided 1

types based on the ratio of accelerat

sulphur concentratioa (A/S ratio) as sho

acids whica are

CLicC,

ageats,

syst2as

normally used

oxides. They are

jat monobasic acids

palmitic, and

other compounding
a1l rubber compounds,
antidegradants,
the

used 1in

ato three different

oL concentration to

Wwn in Table 1l.1.

Table 1.1 Salpnur and accelerator concentrations
for iifferen%t vulcaniziangy systems
{Elliot & Tidd, 1974)
Systems Salphur (ppar) Accelerator (pphr) #
Conventional 2.9 to 3.5 1.0 %o V.4
Efficient 0.3 to 9.8 6.0 to 2.5
Semi-efficient 1.0 to 1.7 2.5 to 1.0

#pphr = part per auadred parcts of rubbper



Conventicnal vulcaniziay (CV) systems

The A/5 ratio is 1low in these systams. At optimum
cure, the crosslinks are predoainantly poly= and disulphidic
with a small ausber of mondsulphidic crosslinks. At the
same time, much of the sulphur 1is <c¢oinfiuned with rubber
molecules in the intramolecular cyclic groups and pendent
groups ard hence wasted as far as crosslinking is concerned.
A typical exampla o0f CV systems that had been studied in
detail is as follows([Moore, 1964) = sdlphur=2.5, CBS=0.6,

zinc cxide=5.0, fatty acid=3.7 (all ppar).

Efficient vulcanizinj {[EV) systeas

These systeas have hijh A/S ratios. At optimum cure
the crosslinks are mainly monosulphidic with little di- aad
Folysulphidic types. The amounts of c¢yclic and pendent
groups in EV sj3y3taas are relatively small compared with
those present 1in C! systeas. A typical example of LV
systems that had beea studied in detail is as follows(Moore,
19€4) : sulphur=J.4, <85=6.J), <inc oxide=5.3, fatty

acid=1.0 (all ppkz).

Semi-efficient vulcaaizing (38V) systams

These systamas produce vulcanizates whose network
structures and tae-mal stability are intermediate to those
frcm CV amd EV systems. It can be usel i1 cases wvhere it
can cffer a ccapcoaise, ian teras of cost and certain

properties, betwe2n CV and EV systems. A typical example of



SEV systems taacz had be=2n studied 1in detail 1is as
follows (Skiraer, 137%) 1z sSalpaur=1.3, CB3=1.9, zinc

oxide=5.C, fatty acii=1.4 [all pphr).

It shoald k2 noted that Table 1.1 is a very simplified
Eresentation. In practice the aamouat Of acceleratorc
required to obtain 11 optimua dejyjree of crosslinking for any
given sulphur lev2l, will lepend on sevaral factors such as
the activity of th2 accelarator, the presence of inorganic
andsor organic activatoc-(s), aad whetaer just one or a
corbination of tw) or amor2 accelerators is5 used.

The terms CV, EV, and 33V ace similarly applicable to
describe the vulcanizing systems used 1ia  the vulcéni?ation
cf synthetic rulkbers. However, as sno4n by Rodger(1979),
+he 2/S ratio asel in CV systems f£or aay Syntaetic rukbers

is generally hijkar than that used in NR.

1.2.z Chemical sttucture of acceleratel sulpnur vulcanizate

As a reéul: of cnamical reactid2ns that take place
during vulcanization, the primary rupver molecules of NR are
ccnverted into a three=-dimeansional covalently bonded
vulcanizate networ< aaving the structural features as
illustrated in Fiyj. l.l. The network itself consists of :

{a) the main chain of orijiaal rubber moleculss
{t) crecsslinks 4ith variations definad by knowledqge of

both actual at>m Liaterliakinag main chains and
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imrediate vicinity of the crosslink.

{c) chemical mcdifications Of the maina chain, for example
cyclic salpaildes, peadent sulphur/accelerator
fragmeats, olefinic pattern chanjes in parent

molecules {lisne and triene), and wain chain scission.

Not all grcugiajs of tne avove stractures are present
in every case. Relative coancentrations of each may vary
widely depending particularly on the molar accelerator to
sulphur used, activator concentrations, time and temperature
cf vulcarization.

The covalent sulphide linkajes produced join together
neightouring rubker chains at raadomly selected pointé alony
each primary molacule. The points of attachment of the
sulphide 1linkages to the molecular caain depend on the
rature of the chain. Model system studies by Porter{1963)
tave shown that the point of attachment is either at caropon
atoms oK-methylic or ol~-methylenic to *tae double bond as

shown telow :

= =

v
S

S
T

{2,5=) (B,5-)

& e S

(2.5-) {B35=)
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The terminal alkenyl groups are desigaatad A, or 3. and
their allylic-isca2ric foras A, or Bz according to their
point of attachment of olefin to sulpaur.

In contrast to the amount of information concerninyg
the structure of N3 vulcanizates, there is very 1little
information available on sSynthetic rubbpers. Limited
studies by Brour & Vorohkov [1947) for SBR, Zakharov &
Kostrykina(1968) , and Zakanarov et al.(1971) for N3R have
suggested that the point of attachment for the sulphidic
lirkages occurs at the carbon atom oLl-methylenic to the
doukle bord and paeayl riny, and at the carbon atom adjacent
to the nitrile group f£or SBR and NBR respectively as shown

kelow :

S
T

~— C=C=C=C=C~C ~ -ﬂc-czc—c-?-cfv
C

(SBR) {NBR)

l.2.2 Mechanism c£ accceleratad sulphur vulcanization

Vulcanization 29f NR with sulpaur 1in the presence of
accelerators 1is believed to follow tae reaction sequence

represented in Fij. 1.2.
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Accalerator plus ActivatoIs (ey. zinc oxide

and stearic acid)
AN 4

Accelerator Complex

sulphur
N2
ACtive Sulpnarating Complex

B-H {rupber chaain)
N3
Ribber-bouad intermediate (R=Sx-=AccC)

disproportionation or
coupling with more R-—H

A

Initial polysulphide crassliaks (RS R; %x>3)

netvwock maturing

Y

VI ) + . R
Crosslink Ccrossliank lestruczctioa grosslink

shortening and intercharnge

modulus reversion

RER ¢ S Conjugd:éi diene,
triene + 35
Additional Cyclic sualpaide

crosslink 1
J. 4 J
3

Fiail vulcanizate d=2twWork

Fig. 1.2 The course of tae overall vulcanization

pracess (Moor=2, 1364)
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In the early s*tiage ofi tne vulcaaization process, the
actual acceleratcr species 1s formed - a zinc/accelerator
corplex, which 1is randered soluble through coordination of
amine or carboxylate ligands to the zinc atom[Campbell &
kise, 1964 ; 1371). In the case of
N-cyclohexylbenzcthiazole~2-salpnenamide (C3Ss), the
accelerator species is possibply the cyclohexylamine complex
cf the =zinc mercaptide of 2=-mercaptobenzothiazole {MBT) as

shown telow 3

N,
Or: Z
C=S=41a=3~C
5 T \\5::1:::]
Nd,
¥
represented as X5-2Z22-5X, where X = ’/_C-

.}

It is gererally racojnised that the complex then reacts with
the eight-membered riny of elementél Salphur (S¢) to form an
active sulrphurating ajent |[rz2preseanted as X35=Sx=Zn~Sx=5X)
for the NE hydrccaroon as s3hown in th2 reaction equation

{R1) Lelcw (Porter, 1938) :

5- 54+ . 2 {X5=Zn=SX)
XS—=-Zp---SX === (S5~3;—--21---5£% %
T
6
£5=3,.=2n=5X
XS=S,=2n=SX < = £3=Sx=2Zn=Sx=3X ¢ KS=Zn-S4

ees {R1)
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Thus the activatcr serves twd important functioas =

{1) it increases the solubility of the accelerator irn the
rukber hydrocackon and

(2) it 1increases the polarization 9f the Zn--=-S bond in

the accelerator coamplex and thu3 the nucleophilic

reactivity of 1incipieat mercaptidz 1ion with +he 5-S

bord 1in tae Sg riay and a=21ce [facilitates tne

prcduction of the active sulphurating agent.

The active sulphuratinj agent then reacts with tae
rukber hydrocaiban (represeated as B~ H) to torm
Felysulphidic pendent groups {represeaced as Kk=S5S=Sx=-X),
which are keliev2d to be the intermeliate precursors of
Foclysulghidic crcsslinks. The proposed mechanism involves
nucleophilic attack by terainal persulphenyl anions in the
sulphurating comflex on X - carbon atow; this is accompanied
by the simultaneous displacement of hydride ions towards
Fenultimate persalphenyl <catioas and formation of zinc
sulphide as illuastrated in reaction eguation 82 below

(BEateman et al., 1953L) =

S+t o-

Fn—S\
-/ =
X=S, S ASy=X ——— RS3xL + 215 ¢ U5yX ees {R2)
5+ 3-
E-H
Substitution taKkes place eitner at o -methylic or

ol=-methylenic caroca atoms accardiny to factors such as
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€electronic character of the sulphuration coaplex, the steric
accessibility of o =carpon atom and ta2 polarizability of
F-B bonds.

In contrast to N8R, 4information oa the mechanism of
vulcanization of 533 aand NBR are limited. For SBR, Ghosh et
al. {1977) proposed that sulpauration proceeds through a
Foclar mechanism ani the reaction site 15 at the carbon aton
K-methylenic to the double boad and ph2nyl ring. However,
for NBR, Zakharov 4§ Kostrykina {1958) and Zakharov et
al. (1¢71) found that the mecnanisa of sulphuration is via a
radical reaction with th2 participatioa of thne -%H graup
adjacent to the ritrile group.

In the vulcaaizatioa of WNR, the initial crosslinks arce
thought to Dbe fcrameld either by disproportionation between
pendent groups on aeighbouriag chains or by direct reaction
of perndert inters2diate yroups witn rubber hydrocarkon. The
fate of the iritial polysuiphidic <crosslinks has been
revealed by exgeriments with model dialkenyl di-~ and
trisulphides{Portar, 1368). It was found that the initial
folysulphide crcsslinks formed can undergyo any of the
competitive routes 4s shown 1in Fig. l.2. Oone of these
routes is polysulpnile crosslink shortening which can occur
repetitively wuntil the eventuaal formation of stable
monosulghidic cresslinks., This releases sulphur for further
crosslinking.

Alternatively, the polysulphide crossliinks may suffer

destruction, resultiaj in main chain modifications. A third
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route is an intecchanye reactioa occurring tetween
Folysulphide crosslinks at their poiant of attachment to the
ruktter ckain which Jdoes not alter the crosslink composition
cf the network but leads to stress relaxation. These
competitive routes togyetaer constitute the maturing process
which <ccntrols taz £final structure Of the vulcanizate
netwcrke.

The predominaace of any one of the maturing reactions
depends on a nuaber of factors. Jgne of the important
factors is the hylrocaroon structucze of the group
terminating the crosslink. Model system studies have shown
that B, sulphides [see section l.2.1) desul phurate faster
than the A sulphilss. When the rate of lesulphuration is
kigh, there is 1little opportunity for th2rmal destruction of
the initial ©[polysulphide crosslinks and the associated
formation of main chain modifications. Then the crosslink
shortening reaction will dominate the maturing process aad
lead to the fcrmation of additional <crosslinks and a
thermally stable network predominantly crosslinked by
rocnosulphide. If, however, tae rate of desulphuration is
slow, the <crosslinks will be retained in the polysulphide
form for a lonyer period and hence become more susceptible
to thermal destructidn wnich will lead to modulus reversion

and main chain mcdificatioas.
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The maturing process will also oe influenced by other
factors :

(1) thke structuc2 and the concentration, and thus
reactivity of the accalerator-activator complex which
is responsible for the coanversioa of the elemental
sulphur irto the active sSulphuractinjy agent for the
desulphuration of the polysulphide crosslinks.

{2) the length of the sulpaur chain whica is determined by
the A/S ratio uasad; and

32) the temperaturs and tiame o0f vulcaaization,
P

1.3 Relationsnip between som2 Vulcanizates Properties and

Network Structure

Fig. 1.3 illustrates sowme of <the major e€ffects of
vulcanization. It can Dbe seen that the w@odulus of a
vulcanizate is substan*tially lirectly proportional to the
rumber of crossliaks formed and nence the crosslink density.
The relation betweea modulus and the dejree of crosslinking

is shown by the following equation (El) =
£ = PBIR Ho (M= A ... [E1)
wvhere f is the force applied, pf 1is the density of the

rukber network, 20 1S the area of wunstrained cross-section

of the test piece, B is the gJas constant, T is the absolute



temperature, M. L1s the nuamoder average aolecular weight of
the netwcrk chairs batween physically effective crosslinks,
and A is the exteasion ratio. Accordingy to the egquation,
Hhenlp » T¢e Ao, 323 7~ are kept constaant, the force applied,
f, at the extension ratio A da2p2nds oa tae reciprocal of M¢
and, therefore, ca tae degree of crossilin<ing.

Hardness of the vulcanizate, like wmodulus, increases
Frogressively as the number of crossliaks increases until
the material beccmes ebponite. A5 15 th2 case with modulus,
a constant defcrmation [in thls casa, compression) is
produced when hafdnass is measured. Therefore, what has
been said about w@odulus also applies suopstantially to
hardness.

Fig. 1.3 shows that tear strength and fatigue 1life
increase with cresslink density until a maximum 1S reached
after which these groperties decrease with further increase
in crosslink density. These proparties are related to
energy-at-breakx. Hysteresis and permanant set diminish as
the degree of crce¢sslinking iacreases. 3Since hysteresis is a
measure of enerjy loss 1in a 1loading cycle, then those
Eroperties relatad to enerjy—at-break will increase with
increase 1in «crc3slink density and hysteresis. However,
hysteresis decreases as more crosslinks are formed.
Therefore, the eneryy—at-=break properties peak at sone
intermediate crossliak density.

Tensile strenjth dJdoes not increas2 continuously with

the <crosslink density (Pig. 1.3). Iastead, it 1increases
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with the nuaber 0f crosslinks uxtil a maximum is reached,
after wtich it falls with fuc-ther <crosslink formation.
Cualitatively this can b2 explaiaed froam the fact that first
an increase in strangth wil ©De achiesvad as more network
chains are to bear the stress. However, as vulcanization
proceeds, the netwark chains become shorter and, therefore,
less extensible anl hence more proa2 to rupture Lefore
appreciatle orieatation of network as a whole
cccurs {Mullins, 1334).

The properties represented in FLige 1.3 are not
influenced by crcsslink density alon2 .bat are also affected
Ey the nature of crossliaks, the nature of base polymer, and
the amourt and type of filler used (if any). For example,
when a given base polymer of a givea initial molecular
weight 1s <crosslink=2d to tine same extent by different
vulcanizing systems, tae resulcing vulcaaizates have varying
tensile strength (Fig. 1.4). These differences are mainly
because cf the difference in the nature of crosslinks. Fig.
l.4 shows thét CV systems yive rubbers with higher tensile
strength than rutbers cured with EV systems which, in turn,
are stronger than p2roxide or aigh energy radiation-cured
ruktbers. These three types of vulcanizaites contain mainly
Folysulphidic, @©oanosulphidic and carb:n-carbon crosslinks
respectively. Furtaer, bond ecergqgy for rupture of the
carbon-carbon, <carboion-sulphur and sulphur=-sulphur kord

decreases in this crder.
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2 hypothesis has been developed o accournt for the

relative strengtas of vulcanizate wita crosslinks of
different mechanical strenjth(Bateman et al., 1963a;
Mullins, 19€4). Siace crossiinks are randomly introduced

into the network, they will be unevenly distributed. This
will lead to wide variatioa in the lengjth of chain segments
about the w®ean. Accordinyly, when a sctress is applied to
the netwcrk, it will a0t be evenly supparted and will cause
some of the chairs tJo be supja2cted to apaormally high stress
kecause of +their unfavouranle geometricil disposition. If
the crosslirks are mechanically stroay, these chains will
kreak leadiny tc a3 dincrease 1n stress on neilghbouring
chains ard, ultirmately, catastropalC Cupture.

owever, if the <crosslinks are weiker than the.lkonds
in the main chains [for example S-=3 bonds), they could
relieve localized hign stress concentrations permitting a
more uniform distributioa of stress rcesulting from the
treakages of the w=zaxker bonis.' This will prevent the start
cf the rupture process at r2latively low elongation. Hence,
it will allow the Jeformel nectwork as a whole to bear higher

stresses at higaer elongations.



1.4 Characterisatian Of Vulcaaizate Structure

JeU.) Determination o0f crossliak conceatration

The macromclecular scracture of a vulcanizate network
may be specified in *escas of basic network elements, namely
network chains [macroasolecular segmenats bound at each end Lty
a crosslink) and cnain ends (wacromolecular segments tound
at one end only to a crossilnk)e. P’n2 latter represents
retwork defects arising from the finite molecular weight of
the primary rubber molecules. Ia a network free from chain
ends, the.relaticnsnip betwgea the concentration of network
chains ard the crosslink density may pne determined directly
from the functiorality of the crosslinks, that is the number
of network chains terminated by eaca crosslink.

For tetrafuanc:zional <crosslinks, in the aksence of
chain ends, each c:assliak is assoclated vith one~half of

the four network chains bounl %0 it a5 shown below =

/
\

. & crosslink

\
/
|

n2twork chain

Hernce, if Mc is the number averaje malzacular weight of the

retwvork chains betdea2n crossliaks, [24./8] yrams of rukker
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will cortain one crosslink where N is th2 Avogadro's Number.
Therefore, oane jJjram of rapbar will contain [N/(2M¢)]

crosslirks or 1/ (2M.) graa mole of crosslinks.

(4]]

The paramet2r, M., may be Jdeterminel experimentally
from stress—straia measurements and the use of the

relationship E1 (se=2 section 1.3).
£/2¢ = loa"::a;'(f\- N%) ... (E1)

However, in practice, stress-strain relationships are found
to deviate <consildsrably froam the ideal behaviour predicted
by equation E}, aad in most cases, it is better descritbed Lty
the Mooney—Kivlin ejuation (ﬂooney; 1949; Rivlin & Saunders,

16%1) as shown below ({E2) =
| -
£/28, = IS, + CaA) (A=W ... (E2)

where C; and C, are coastants charactecising the network.

Equation E2 may te rewrittea ia the fora :
£/28, (A=) = C, + CaN ... (E3)

2t moderate straias, a linear relationsanip is obtained when
results ckttained froa stress—-strain measuremeats are plotted
in the fcrm of f/zao(hm-hd) versus A~ Tae constants C;
and Ca are identified #ith the 1intercept and slope

Iespectively.
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For wvulcarizates swvollen 1in liguid, eguation E2

tecomes :
£/280 = ¥, (C, + CaN') (A =NT) ... [EY)

where V, is the volume fractioa of rubber vulcaaizate in the
sWwcllen state. Stulies by Gumbrell et 1l. {1953) have shown
that Ca (swollen) progressively dJdecreases to zero as the
degree of swellirjy increases. Taus ejuation E4 will reduce

to equation E] if
C,(swollen) = PRT(’ZM‘._)-‘ ..s {(ES)

In practice, values of Cy obtained for dry networks
are found to agree uwell wita those ontained in the swollen
state (Mullins, 13339). Heace, the C values obtained from a
dry netwcrk may oe used to obtain M. (4sing egquation ES).
This will give the numober of physically effective
crosslinks, providzd allowanc2 is5 made for the effect of
chain ends.

Alternatively, M, can be obtainad from equilibrium
degree of swelliry and the application of the Flory-FEehner
equaticn (Flory & Rehner, 1943), thus :

“ln(l=Ve)=¥p= XV = prouc” (2" .. (E6)

vhere V. is the ejailibrium volume fraction of rubber in the
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swollen network, X the polyaer=salvent interaction
parameter, V, ta€ molar voluame of swelliay agent, and /9 the

density cf rubber vulcanizats.

Equation E5 «as latar amoddified by Flory(19583) to

give =
T
Sln (=¥ ) =Wem KV = P AT (W =V /2) ee (ET)

By substituting e€gjaation 25 into eguatian E7, an expression
could be obtained with C;, taus :

=1n(1=Vr)=Vr= XV = 2C, V, (RT) (v.-'“-vr/z) -+« (EB8)
Values of M. obtained £from swelliny (equations E6 and
E7) and stress—straia measurewm2nts [=2quations El and E2)
strictly relate <to ideal networks of infinite primary
molecular weight. dence allowaace has to pne made for the
presence of chaia e€ads i1 rs2al n=2tvworks, In NR, the
correcticn given by B8llis & delding(1954) takes the form of
a replacement of 4.~ in eguation E5 by 4 (1- X Ma'M.) where
oL is a constant aad M, is the nuaper average molecular
weight of the primary molaculese. -
Although allowance is made for tae effect of chain
ends, there are loudts concerning the validity of the M,
values as obtained by the apove metnods. For example, no

account is taken of the effact O0f netwdrk eatanglements on



