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AB3!'ilACT

Structural characterisation of CB5-accel€rated

vulcanizates of 5sa and NBR as a function of type of cure

system ar.d cure time was investigated.

SSB and NBE vulcanizates obtained fro�

It vas found that

cure systems with

accelerator to s�lpbur (AIS) ratio of 1.6/2.5 have higher

crossli�k densiti�s than that Jbtained from AIS ratio of

1/2. SSE and NBE v�lcanizates were fo�nJ to exbitit modulus

reversion on prclo�jed curinj. For the same cure system,

SBB vulcanizates �ere found to show yreater degree of

modolas reVerSiQD tb�n the NBR vulcanizdte3 and the d€yrE�

of modulus reversion in both rubbers increased with decrease

in AIS ratio. As elpected, the proporti�n of monosulphidic

crosslinks increased at the eXpen3€ of poly- and disulphidic

crosslinks wit� increasing cu=e tim9 although

dissimilarities in detail oe ha v Lou r were observed. Ibe

crosslinking efficiency for both cure systems used were

relatively law. !�e cr�ssllnkinj efficiency parameter, E,

was observed tQ decrease for Na� but the E vdlue for ssa

vulcanizates exhibited different tendencies. The amount of

main chain modifications occ u r.Ln j wa.s f.)un:1 to increase on

prclonged curing an.l this increase va3 much greater in

vulcanizates obtaine1 fro� AIS rdtio of J.6/2.5.

The polyme=-benzene

observed to vaIY �ith cure

interdcti�� parlmeter,

sJstems anJ cure time.

X, ilias

Chemical



probe treatments n s d the effect of re d uc Ln q tile X value.



ABST JAK

Pencirian struktur vulkanisat 33R d��

diFecutkan oleh CJ3 sebagai fungsi sistem-siste� pematangan

dar. masa pematangan akan diselidiKi. Vulkanisat saa dan NBH

dari sistem pematan�an de�gan nisba� pemacut kepada sulfur

(A/S) 0.€/2.5 dijd?�ti mempunyai kecampa.tan sambung-silang

yang lebih tinggi lari s Lstan pe a a t a n j a n dengan nisbah (A/S)

1/2. Pe�atangan yang berlanjatd.� terh�Jd.p vulkanisat sas

dan NBE menunjukkan penerbalikan mJduius. Untuk sistem

pematangan yang sama, vul�anisat

penertalikan modulus yang leblh tinqli daripaJa vulkanisat

NBE dan darjah penerbalikan modulu3

bertambah dengan pen�uranyan nisbah

dijangkakan, kadatal sambun�-3ilanq m0303ulfila bertambah

SBH menunjukkan

1:"'l'1i kedua-dua

\/s. Seperti

getah

dan kada�an samtun1-silanj poli- dan disulfiJd berkurang�n

dengan pertambahan Jalam masa pematangal walaupun terdapat

ketaksamaan dalam ��lakuan Jetil. Seeaea relatif kecekapan

samtung-silang bagi keJua-daa sistem pematangan yang

diselidiki didapati rendah. Parameter �ecekdpan

sambur.g-�ilang, E, Jidapati oerkurang u4�Qk NBB tetapi nilai

E untuk vulkanisdt SBH menunjukkan. kecenderungan yang

berlainan. Pengubahsuaian rantai utamd didapdti bertambah

dengan pematangan ylJg berldnj�tan dan p�rtambahannya adalah

letih tinggi dala� yulkanisat ydn� bernisbah (A/S) 0.6/2.5.

Parameter �dli'll-tinda"a:l poli.l1er-benzena, ")(, didapati



terubah dengan sistem

Pengolahan bahan �imia

mer.gurangkan nilei � •

pematanldn

ajiselidik

La l lia sa

':erhadap

pematar. gan.

vulkanisat
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1.1 Vulcanization

Raw rubbeI is

hut wh�n

d taujh

placeJ

resilient material at rOvm

temperature

Flastic or

�nder stress it

itrecoveraole £lov, especially

undergoes

at hi�h

temperatures. By iJtrodJcin� a relativJly swall number of

chemical crosslinks between individual �Jlymer chains, the

plastic flo� of the rubber is �vercom� w�ile the elastic

recovEry of the material is unimpaired. The insertion of

these chemical crosslin�s is xno�n as �ulcanization. This

F�ocess results in

Fhysical properties

several fundamental

of t�e rubber. In

changes in

particular,

the

the

rutber becomes iJsoluble in normal svlvants like heptdne,

toluene, benzene

considerably but

an1 chloroform; in3teaJ, it swells, often

to an equilibrium volume. Also, the

crosslinksload-bearing characteristic improves since the

intIoduced prevent viscoas fluw of the ruober chains. The

crosslinks produced may be chains of sulphur atoms, sin�le

sulphur atom, carb��-carbon bonds, polycovalent organic

radicals, or pol�covalant me�dl ions.

There are various ways tJ crasslin� rubbers, namely

using elemental s�lpburl sulph�r donors, orgaaic peroxides,

phenolic res�ns, �etal o�iJe3, and high ene�gy radidti�n.

�hese methods hav� alreddl been exteasively reviewed by

Elliot & Tidd'131�) �n] Kir�ham(1973). rhe choice of method

defends on the pxoperties re1�ired hy the end product far a

particular application. Siace accelerated sulpayr
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vulcanization wa� used 1n this project, it will be discus3ed

in detail here.

1.2 Accelerated Sulphur Vulcdnizatia�

Accelerated 3ulphur vulcani�ation, which had its

origin in the well know� discoverie� of Goodyear �nd

Hancock, is still tae most vilely useJ crQsslinking method

today. Ibis methoJ is suitable for the following rubbers :

natural rubber l Nil) , synthetic isoprene rubber,

polybutadiene (BJi), styrene,-olltaJie3e r abb ar (SBB), nitrile

rubber (NBB) , rubber, chlorofJrene, and

Et h.ylene-propy le ne- ji en e modi iied nu nb e r , rhe process of

valcanization involves the ble3di�g of m�sticated raw rubber

with a vulcanizing system c�asistin� of a pre-formulatad

mi�ture cf vulc�nizia� ayents, dc�elerat�rs, and activators.

Vulcanization is affected by curing the mix in a mould under

Fressure at a sfecifigj temperature an] time. Heating is

usually at
o

140 C far NR and s�mewhat �i�her for SBB and

NBE (uP to lS0-)5JoC); m�ch lowar tem?eratures are possible

if specially active decelerators are use).

1.2.1 sulphur vul�a3izing sl�t3m

A vulcani2inj system is a mixture af additives

required to vulcanize an ela3t�mer. Tae system generally
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€m�loyed for cuting rubber �JOd3 consists of three main

classes of CIlS[IIic:lls, ndll�ly vu Lc anLz Ln q

accelerators, a3c dc�ivators.

(a) VulcanizinIJ a j e n t s

A vulcani�ilg a�ent is. any chemical which can

ir.itiate the chemical cr�ssliukiJ� of the r uboar

molecules to the formation of a

three-dimensio��l network. The m�3t cammon vulcanizinq

agent �sed is salphur.

'b) Accelerators

As the nd�e implies, these are substances which

can increasE the rate 0f vulcanizat�on of rubber with

sulfhur. lhey are als� capaole 'of promoting more

efficient utiliz�tion of sulphur for crosslinkinq,

thereby impIovilg the properties of the yulcanizates.

Most of these are organo-nitro.jen or organa-sulphur

compounds

thiazoles,

lil.a a. lIli ae s , gua�ijines, thioureas,

thi�ra[lls, ditaiocarbamates,slliphenallides,

and xanthdtEs.

(c) Activators

These are ased to increase tbe vulcanization rate

by activati�1 t�e accelerator S� that it becomes more

efficient. Activators can be grouped as follows:

11) Inorganic co�pounds '�ainly metal oxides) such as
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zinc c�il=, ayJratej lime, lit�ar�e, red lead,

magnesi�m 0-1.·�.e, and alkall.· carho te'" u. _ I.J !l a s. Zinc

oxide is the mo�t cOlDrI)nly useJ inorgduic

activator.

(2) Or1anic carh�xylic aciJs wnicR are normally used

in cOlbi�itioa with metal oxides. They are

generally high molecular weij�t monobasic acids

such as stearic, ole�c, lauric, palmitic, dnd

m yrist ic ac Ld s ,

Apa�t frolD the ab�ve, there are other compounding

ingredients, present mostly in ind�striil rubber compounus,

such as fillers, reinforcinJ agents, antidegraJants,

retarders, and scfteners.

Generally, tila vulcaniLinl sy3t�m3 used in the

vulcanization of NR can be divided iato three different

tlpes based on tbe ratio of accelerator concentration to

sulphur concentratio3 (AIS ratio) as 3ho�n in Table 1.1.

Table 1.1 Sulpnur and accelerator concentrations
f�r jifferen� yulcanizin� systems
IElliot & riJd, 1�74)

S yst:ems Sillpbur(Ptlar)* Accelerator(pphr).

convention al 2.0 to 3.5 1.0 to 0.4

E fficie nt 0.3 �o 0.8 6. O to 2.5

5e.i-e fficie nt, i. o to i . 1 2. 5 to l.

*fFhr - Fart per h ua d r e d pares of rubber
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Conventienal vulcanizi11 (CV) systems

The AIS racio is l�w in these systams. At optimum

CQre, the crosslinks are predo�inant11 palJ- dnJ disulphidic

with a small nUI�er of mon03�lphidic =rosslinks. At the

s a me t i 11€ , ii U c h oft he s ul P h lir i s c ) n fine d li i t h r li b lJe r

molecules in the intramolecular cyclic groups and pendent

groups a�d hence wasted as f3r as crossllnkin� is concerned.

A typical example �£ CV systems that bdJ been studied in

detail is as follows {riJore, 196�): sulphur=2.5, CBS=O.6,

zinc oxide=5. O, fa t tl acid=\).7 (dll ppu r} ,

E f f ic ie n t v IIIc a n i& i n j , E V) s y s t e iR s

These syste�s have hiJh AIS ratio�. At optimum cure

the crosslinks are mainll monosulphidic with little di- and

folysulphidic tJpes. The amoants of cyclic and pendent

groups in EV slste�s are relatively ,�all compared with

those present in el systews. A typical example of BV

systems that had bee] studied in detail is as f�llows(Moore,

19E4): sulphuI=J.l, CUS=6.0, zinc oxide=5.0, fatty

acid=l.O (all pphr).

semi-efficient v uLca a Lz Ln q (38V) systems

These systems produce vulcanizates �bose network

structures and the=mal scability are interme1iate to those

frem CV amd EV sy�tems. It CdO be useJ in cases where it

can effer a ccmpcomise, in terms of cost and cer�ain

properties, betlie�n cv and EV systems. A typical example of
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SEV systems t�at h�d be�n 3tudieJ in detail is as

follows(Skin�er, CB.5=l.O, zinc

oxide=S.C, fatty dcil=l.� (dll PJhr).

It shoald [3 n�ted �hd� rdble 1.1 is d very simplified
....

'

Frese n ... a r i o n , In Ji accelerator:

required to obtdi� �] op�imu� JeJree of �ro3s1inkinq for dny

given sulphur lev91, �lll Ja�end on s�varal factors such as

the activity of th3 dccelerator, the predenca of inorganic

andlor organic activdtor(3), aad vheth�r just one or a

combination of tli.J oe a or s acc e Le r a tor s Ls used.

�he terms CV, BV, dnd SEV a=e similarly applicable to

describe the vul=dnizinJ sy3t�ms used i� the vulcanization

of synthetic rutber3. However, as snO�D by Rodqer(1979),

the AIS ratio use] in CV system3 for a�y s yn c n e t Lc rubbers

is generally hiJher than tha� used in NR.

,.�.� Chemical st=ucture of dcceleratel 3alphur vulcanizate

As a Iesulc of c�e�ical reactions that take place

during vulcanization, the prim�rJ rUD�er molecules of Nfl are

ccnverted into d three-Jime��ional covalently bonded

vulcanizate networ� uaviny the structural features as

illustrated in Fi�. 1.1. Tbe network itself consists of :

ta) the main chain of ori;i3dl rubber molecules

tb) crosslin�3 �ich variatiJn3 definad by 'KnowledgE of

both actual at�m iaterli�kiD1 main chains and



conjugated
triene

.:::::. .... .:::::.....���SSion
Sx

pendent --+ I
group

A. cc.
-,

Sx cyclic sulphideS 52,
-,
S-S

crosslinks
'i''i
conjugated
dieneoriginal rubber

chain

Fig. l , 1: General features of sulphur vulcanizates of NR (Hoore, 1964).
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immediate vicinity of tha crosslin�.

(C) chemical mcJificatiJns of the �di� chain, for example

cyclic su Lpu.Ld es , pendent sulphur/accelerator

fragme:lts, olefinic pattern ChclDjeS in farent

molecules Cjiele anJ triene), and main chain scission.

Not all grcufi��s of tae anove str��ture� are present

in every case. Relltive cJncentration3 of each may vary

widely depen1in9 particularly on the molar accelerator to

sulphur used, activator concen�rations, time anJ temperature

ef vulcatizatio9.

ThE covalent sulphide linkales proJuceJ join together

neightouricg rubter chains at randomly selected points alonJ

each primarl molacule. The points of attachment of the

sulphide linkage3 to the molecular c�ain depend on the

nature of the chain. Model system st�dies by porter(1968)

�ave shown that the point of attachment is either at carbon

atoms o(.-methylic or o(_�-methilenic to the double bond as

shown telow : s

l'

)�
(A.S-)



PAGE l

��e ter.inal alkenyl qroup3 are desig�atad A, dnd

their allylic-iscmcric form3 A� or a� according to their

point of attachment of olefia to 3ulpnur.

In contrast to the amount of information concercing

the str�cture of NJ vulcanizat�s, thare is very little

information available on synt.netic rubbers. Limited

studies by Brour & Vorohkov {1947) for SBB, Zakharov &

I<ostrykilla(1968), an d ZaKnarov at al. (1971) for NBR have

suggested that tbe point of attachment for the sulphiJic

linkages OCCIlIS at the carbon atom o<..-methylenic to the

doutle bond and Fne�yl rin�, and at the carbon atom adjacent

to the nitrile g�aup for SBa and NBR respectively as shown

telow :

5

1
-- C-C= c- c-c-c ,.._

ISER)@
s
i

_... c-c=c-c-c-c--

I
eN

{NBB)

1.2.3 Mechanism cE accGlerated sulphur vulcanization

Vulcanization of Na with suipnur in the presence of

accelerators is believed to follow toe reaction sequence

represented in Fi�. 1.2.



PAGE 11

Accalerdtor

and stearic aciJ)

Activ��o=3 'eg. zinc oxide

Accelerator Complex

1 sulphur

!�tive Sulpharatin� C���lex

l B-R truaber c c a Ln)

RJbber-bo��d intermediate (R-Sx-Acc)

1 disproportioDation ar

couplin� with more B-H

Initial po.Ly aul.ph Ld e c r o ssLi. ak s (BS H; 'X.�3)

netwoCK mdturing

Crosslink Crosslink

shortening

l
aSH fo S

j
Addi tiona l

crosslink

l

�ros5lin� lestru=ti��

and in terchar.ge

modalus revarsiort

1
Conjujdtel diene,

triene + .:3

1
Clc�lic So.llphide

i
Fiail vulcdniza�e networ�

Fig. 1.2 The c�u=se of tae overall vUlcanization

pI-lCe.33 ,Moore, 1 J64)
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In the early 3taye of tne vulc�niLation process, tbe

actual acceleratc= 3pecies is formed - a zinc/accelerator

co�plex, which is randereJ saluble th�Jugh coordination of

amine or carbo��late ligands to the zinc dto�'Campbell &

wise, '964 ; 1371) • In the case of

N-cyclohexJlhenzctbi3zale-2-s�lphenamije (cas) , the

accelerator specie3 is possioll the cyclohaxylamine complex

of the 2inc mercaptide of 2-mercaptobenzothia2ole (�BT) as

shown below :

represented as IS-lu-SI, -- C§rN�C­where A.
.3 ............

It is generally ��coJniseJ that the complex then reacts with

t�e Eight-membered rin] of elemental s�lphu= (S�) to form an

activE sulphurating alent

for the NB hydrccarbon a3 shawn in th� reaction equation

(111) l::elcw (Porter, 1958) =

6'- �H 0-
IS- --Zn - --SX ;:====

n (XS-L n- S X)
'{S-.3 -- - Zn - - -SA:S

s-s

\�
x S - '3 'l(,.

- Z n- S X

IS-S",- Zn- S X As�s')(.-Zn-�-Sl • XS-Zn-S1

.o.. (a 1)
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�hus the actiYatcr serves tv� im�ortant functions:

.1) it increasEs the s�lubility of the accelerator in the

ruther hydraca=bon and

(2) it increases the poldri�ation �f the Zn---S hand in

the accelerator complex and tb�3 the nucleophilic

reactivity· of inci�ient mercaptid3 ion with the s-s

bard in the Sg riD) dnd bancs facilitates tbe

production of the a�tiye sulphurating agent.

The active sulpharatin] a�ent then reacts with t�e

ruther hydrocarbon (re,t>rasenteJ as ti- H) to form

fG1ysulphidic pEna�nt 9rou�s

which are �elieved to b� the intermeliate precursors of

folysulphidic crcs31inks. The proposed mechanism involves

nucleophilic attack bJ terminal persulphenyl anions in the

sulphurating coap Le x on 0<..- carbon atom; this is a eco e p e n Le d

by the simultaneo�s displacement of hydride ions towards

�enultimate persulpbenll cdtion� aol formation of zinc

sulphide as illustrated in reaction e�uation a2 below

(BatElllan at al., 195]b) .
.

.... .(e 2)

Substitution t ax es pldce either at oe: -liethyllc or

o(..-methylenic carbon atolls a ccor dLn j to factors such as
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Electronic chdracter of the s�lphuration co�plex, th� steric

accessibility of eX.. -CdI:'aOn a to a and t.a e poleJrizability of

E-E bonds.

In contrast t� NR, infarmation ou the mechanism of

vulcanization of saa and NBR ar� limited. For SBR, Ghosh et

a l. (1977) pro po se d that sul� u u r ati on procee da through a

�olar mechanism anJ the reaction site is dt the carbon atom

�-methylenic ta th� double bond and ph��yl ring. However,

for NBB, ZakhaIov & Kostr ykind {1�69) and Zakharov et

al. (1971) found t c a t the mecnani3l8 of s uLph u r a tLon is via a

radical reaction with tha participdtio3 of
I

tile -eH gtaup
I

adjacEnt to the nitrile group.

In the vulcanizdtiod of HR, the initial crosslinks are

tbought to be fcr�ej either by disproportionation between

pendent groups on neighbouring chains or by direct reaction

of pendett interi�didt€ groups vita rubber hydrocarbon. The

fate of the ititial pollsulphidic ccosslinks has been

revealed by eXferiments with model dlalkenyl di- and

trisulphides [Port�r:, 1968). Lt was found that the initial

folysulphide crcsslinks formed Cdn underqo any of the

competitive ro�tes as shown in Piq. One of these

routes is polys�lpbile cro5s1in� shQrtenin� which can occur

repetitively until the e ve n t.u aL f o raa t.Lo n of stable

monosulphidic crc331inks. This releases sulphur for further

c r ca sLi n k i.n q ,

Alternati�Ell, the poliSulpbide crosslinks mar suffer

destruction, resulti3) in main chdin m�dificdtians. A third
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route is an interchan�e reacti�� occurring hetween

fo1ysulpbid6 cras31iJks at t�eir pol�t af attachment to the

ruther chain which d�es not alt�r the crosslink composition

of the network b�t leads to stress relaxation. These

competitive route3 together constitute the mdturing process

�hich centrals tn3 fi�al str�cture Jf the vulcanizate

netwcrk.

!he predominalce of anyone of the maturing reactions

deFends on a nu�bec of £actors. J�e of the important

factors is thE byjrocdrbo� structu:e of the group

terminating the crosslink. Model system studies have shown

that BI sulphides ,see section 1.2.1) desulphurate faster

than the AI sulfhiles. When the rate af lesulphuration is

high, there is little opportunity for tb�rmal destr�ction of

the initial poljsulphide cros3links d�d the associated

formation of main chain modifications. Then the crosslink

shortening reaction will domindte the IDlturing process d3d

lead to the fcrmation of ddditio3al crosslinks and a

�hermally stablE network predaminantly crosslinked by

�oDosulpbide. If, however, tae rate of desulphuration is

slow, the cross links will be retained in the polysulphide

form for a longer period and hence become more susceptible

to thermal destructiln which will lead to modulus reversion

and main chain mcJificatio�s.
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The maturin::I p r oees s will also De influenced by other

factors :

(1) the st ru cc u te an J. the concentrdtion, and thus

reactivity oE the a�calerdtor-activdtor complex which

is responsible f�r the conversiol of tbe elemental

sulphur i��o the active sulpb�ratin1 agent for the

desulphuration of t�e polysulphide crosslinks.

(2) the length of the suiphar chain wbich is determined by

the AIS ratio �sed; and

(3) the temperature and timd oE vulcduizdtion.

}.3 Felationship between soma Vulcanizdt9s �roperties and

Network Str�cture

Fig. 1.3 ill�strates some of the major effects of

vlIlcanization. It can be seen that the modulus of a

vQlcanizate is substan�iallJ lirectly proportional to the

tamber of crossli�ks formed and hence the crosslink densitI.

�hE relation bet�ee3 modulus anJ the de�ree of crosslinking

is shown by t�e following eyuation {El) .

-

f = f BrAe, .. '. 1 El)

where f is the Eor�e applied, f is the density of the

rubber network, Ao is 'toh.e are:! of un3trai:led cross-section

of the test piecEr B i3 tne gas constant, r is the absolute
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temperature, MG is the nu�tier dveraye �olecular weight of

the netwcrk chai�3 between physically effective crosslinks,

and � is the el�e�3i0n ratio. Accordin� to the equation,

when f ' T, Ao, a3j � are ke�t constant, the force applied,

£, at the extension ratio 7\. det»�nds on t a e reciprocal of r1c.

and, therefore, en the degree of crosslin�in�.

Hardness of tne vulcanizate, like modulus, increases

Frogressively as ' the num�er of crosslil�S increases until

the material beccme3 ehonlts. As is th3 Cdse with modulus,

a constant def cr aa t Lo n lin this c a s e , compression) is

�roduced when harJ�9s3 is meas�red. rherefore, ,what bas

been said about modulus also applies su�stantially to

llardn€ss ..

Fig. 1.3 shows that tedr strenqth and fatigue life

increase with crc5s1ink density until a maximum is reached

after which these froperties decrease �ith further increase

in crosslink density. These properties are related to

energ y-a t- b r eas, Hysteresis dnd permanent set diminish as

the degree of crc3slin�ing increases. Since hysteresis is a

measure of ener1Y 103s in a loadin1 cycle, then those

properties related to enerJi-at-break will increase with

increase in crc33lin� density and hY3teresis. However,

hysteresis decreases as [lore crosslinks are formed.

!�erefore, the enerYJ-at-break propertie3 peak at some

intermediate croE31iok density.

�ensile stren1th does n�t incredS� continuously with

the crossli�k denalty (Fig. 1.3) .. IQ3te�d, It increases
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with the nu�ber of cros31inks u�til d mdximu� is reached,

after which it falls with further czosslink formation.

Cualitatively thi3 eJn be e�pldiaed from the fact that first

an increase in stran�th wil be aChievaJ as �ore· network

chains are to bear the streS3. However, as vulcanization

Froceeds, the network chains become shorter anJ, therefore,

less extensible anl hence

appreciatle orieatation

m o r: e p r :) a e t o

of network

rupture

dS a

before

whole

cc c u r stn ul Li.ns , l·}a�).

�hE propertie3 repre3enteJ in Fig. 1.3 are not

influenced by crcs3link density dlon� .b�t are also affected

ty the nature of c�ossli.:lks, the nature of base polymer, dnd

the amour.t and type of filler used (if any). Par example,

when a given ba3e polymer of a give� initial molecular

weight is cros�linkad to tu� same e�tent by different

vulcanizing systems, the res�lting vulcd�izdtes have varying

tensile strength QPig. 1.4). These differences are mainly

because of the difference in the nature of crosslinks. fig.

1.4 shows that el system3 yive rubbers with bigher tensile

strength than rutbers cured with BY 3ystemS which, in turn,

ar€ stronger than p�[oxide or kigh energy radiation-cured

rutbers. these three types af �ulcaniz�tes contain mainly

FG?lysulphidic, ao no s a.LpbLdLc a nd c ar oo n-e c a r bo n crosslinks

respectively. Furtner:, bond enerqy for rupture of the

carbon-carbon, ca r b In-sulph ar

decreases in thi� crder.

an1 s�lphur-sulphur bond
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Fig. 1.3: Effect of crosslink density on varIous vuleanizate

properties (Elrich, 1978).
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Fig. ) .4: Tens ile strength of pure gum NR vulcan I z a t es as a func t ion

of (11M) for var10US vulcanizing systems (Mullins, 1964).
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! hypothesis ha3 be�n de��lQpej:� accour.t for the

relative strenqth3 of vulcdni�ate .ita crosslinks of

different mechanicdl stren:)'th(Batern.in � al., 1963a;

�ullins, 1964). Si3ce cros31ink3 are randomly introduced

into the network, they will be unevenly d�stributed. This

�ill lead to vide vdriatiJn in the len�th of chain segments

about the mean. lc·:ordingly, when a s�ress 15 applied to

the netwcrk, it will aot be evenly sa�p�rted and will cause

some of the chains tJ �e suojacted to ab�ormally high stress

because of theiI unEavaaraDle yeometricll disposition. �f

t�€ crosslinks are mechanically stro��, these chains will

�reak leading tc dl increase in stress on neighbouring

chains a�d, ultinately, catastropnic Iuptura.

However, if the cro3s1inks are ve�ker than the. bonds

in the main chains ,for example s-s bonds), they could

relieve localized high stress concentrdti�ns permitting d

more uniform di3tributi�� of 3tress resulting from the

treakages of the weaker b�nJs. This will prevent tbe start

of the rupture px�ce3s at r3ldti�ely low elongation. HencE,

it viII allow the Jeforrned �e�work as a �hole to bedr higher

stresses at hig�Er elongations.



PAGE 21

1.4 Characteris�tiJn ai vulcaaizate structure

].4.1 Determi�atioJ of cro3s1i�k conce�tration

The macromclec�lar str�cture of a vulcanizate network

may be specified in �erm3 of ba3�c ne�work elements, namely

netwo�k chains IUdcroffioleculdr segMents bound at each end by

a crosslink) and Chiio enas ,�acromoleculdr segments tound

at one end only to a crosslinK). rne latter represents

net�oIk defects arising from the finite molecular weight of

the primary rubber molecules. .In a ne�work free from chain

ends, the relatic3ship betwdea the c�ncantrdtion of network

chains and the crosslink densi�y may be determined directly

from the functiorality of the c£osslin�5, that is the number

of network chains terminated b1 e�ca cro3s1ink.

For tetraf�nc=iondl cross1ink3, in the atsence of

chain Ends, each crosslink is a�sociated with one-half of

the four network chains baunl to it d3 shown below:

.
= crosslink

= network chain

Hence, if �e is tbe number avera;e �ala=ul�r weight of the

network chains bet�ean crossiinks, l2��/H] qrams of rutber
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�ill contain one crosslink where N is tha Avo�adro's Number.

�bereforer one Jram af rubber vill �Qntain [NI (2 Mt:.) 1

crossli�ks or 1/12M�) gram mole of cro3slinks.

The parametar, �c, may ba dEterminei experimentally

from stress-straiJ �easurements and the use of the

relationship E1 13e� section 1.3).

f/Ao =
_I -.l.

f RTLic.. ,i\.- i'\. ) ••• (E1)

However, in practice, stress-stra�n relationships are found

to deviate consilar3bly from the idedl behaviour predicted

by equation El, and in m03t ca3es, it is better described ty

the Mooney-Rivlin e]Uati0o ,�ooney, 19�0; Rivlin & Saunders,

19:1) as shown b e Lo s IE1} .

-

f/2Ao =
••• {E2 )

where el and e� are constants characterisinq the network.

Equation E2 may le rewritten in the f<l!'1II :

_I

= C I .. e�7\. ••• (EJ)

At moderate straiJ3, a linear relationship is obtained when

results cttai�ed fLO� stress-strain measurements are plotted

in the ferm 7\,- :1o E f/.2 A o , 7\ - )
� -.

versus "" • Tbe constants e,

and e" are �dentified with the interce�t and slope
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FaI vulcanizates svallen in li�aid, e�uation E2

J::ecomes :

=
• • • I E 4)

whe.re VI is the vo Lu ae fraction of r uo bec v uLc a nLaa t e in the

swellen sta te. sti.lJies bt Gllmorell � 11. {19S3) have sbown

that C�,s�ollen) progressively decreases to zero as the

degreE of sweiii!} increases. Thas el11�tiun E4 will reduce

to equation El ii

el (swollen) =
-1

fRT(2M.G) ••• (ES)

In practice, v�lues of el obtained for dry networks

are found to agrea well with those obtaineJ in the swollen

stat e (M u11 i ns. 1'3 5 g). H e nce, t he el v d l ue s o b t a i ne d f r o m a

dry network may be used to obtain MG (�sin� equation ES).

'Ihis will <jive the numoer of ph Islcally effective

crosslinks, proviJed allowanca LS m4de fo� the Effect of

chain en ds .•

Alternativel1, [1, can be obtained from equilibrium

degree of swellir;� and the application oi. the FlorY-Iiehner

equation (Flory c! Behner, 1943), thus:

= P -I, I/�
Yo r1<:. L Y.,. ) ••• (E6)

where Vr is the El11ilibrium volume fraction of rubber in the
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swollen network" p o Ly a ar-... s o L ven t interaction

farameter, Va tae molar volu�e of swelling agent, anu p the

deDsity cE r�bbeI vulcaaizdt�.

Equation E6 was lat�r mvdified by FlorY(l9S0) to

give:

Ey substitutin� e��dtio� BS into eluatiJD E7, an expression

could be obtainea with CI, taus:

=
_I 113

2C, s ; {R:') (V .. -Vr/2) ••• (E8)

Values of �� obtained from swelliny (eq�dtions E6 and

E7) and stress-strain ue a.su r e aan t s {'3guatio:ls El and E2)

strictly relate to ideal net�Grks of infinite primary

molecular weight. jence allowance ha3 to be made for the

preseDce of chain e�d5 i� real networks. In NB" the

correction given hj Ellis & .eljiDg'196�) takes the form of

a replacement of :ic.-I in e qua tLo n E5 by ti�1 (1- o<.Mn-' Mc.) where

� is a constant aJd M� is the number average moleCUlar

weight of the primary molacules.

Although allowance �s made foe tae effect of chain

enas. there are joubts concernin� the validity of the M�

values as obtained by the aD.:Jve metnod3. For e xaap Le , no

account is taken of the effect �f netw�rk e�tanglements on


