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PHSFAC^

AlthoTSfih a nudbor of thsorotlcfll studios have boan 

raportod on tho varlooa aspoots of fa ilu re  of rabbory tho 

nata3ra of tho fa llu ro  surfaeas and the chomioal ehangoa 

associated vlth. fa llu ro  s t U l  ronmln la rg a ly  maxplored. 

la th is  thasls tha various typ^a of fa lliiro  of mbboT haw 

botm stadlad scanning aloctroa alcroscop/ and b(jr chomleal 

charactarizatloa. A somd knovlad^ about tho aochanlsm of 

fa llu ro  v l U  holp In davoloplng products \Ai±dh w i l l  la s t 

loQgor.

Tha sabjaet oattar of tho thasis haa boon praaantod 

In sawn ehaptars.



Tho Introductoiy chapter eoasists of a larimt M v ia v  of 

o a rllo r works in  th is  f ie ld  and the scope of the present vork«

The ezperliDsntal teehaiqoes ara described In  Chapter I I .

Chapter I I I  consists of scanning electron ffilcroscopic 

studies cn tear and te n s ile  frecttire of rubber vulcanlsates*

Chapter 17 deals v it h  thexmoQacidative aging of natural 

rubber vulcanisates and it s  effect on netvork structure and 

fracture node. Studies oa osone cracking of natural rubber and 

natural rubber/KPDH rubber blmid are also reported in  th is  

chapter*

Fatlgus resistance of natural rubber and natura l rubber/ 

polybutfldiono rubber blonds has been studied chenical 

methods and by scanning alectroa laicroscopT', The re su lts  of 

these studios are given in  Chapter V«

In Chapter VI studies on the zaochanism of abrasion of 

natural rubber/Polybutadiene rubber blends under different 

tost coadltions are reported.

Chapter 711 consists of the results of the studies on 

the netvork changcs in rubber vulcanizates under sismlated 

service conditions.
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SKM Scanning electron microscope

SRF Semi«re in f  ore ing furnace *
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'  jV-tawsT'̂ .̂d^

Bubbor has teea Imoux to the eivillzsd world for the 
last fev eonturios and Its oses are so widosproad that thsra 
Is hardly any- sagoent of elvUlaatloa which doos not naka use 
of rubber based loatorials. Dttrlng the nineteenth eenttay 
several epoeh-oalclng dlseovorlss wre EHid* in the proeessine 
and applieatlons of natoral rubber i^eh resulted In a treaffic 
dons Inereaae in the deoand for robber. Ths tlisn avallabile 
aiqipllQ̂  of natural rubber vare Inidettoate to Beat tfaa
Inereased demand. This, eoiqtlad with the outbreak of the 
aaeond world Mtr^ procQited inteostva rosaar^ oa altemat#/^. 
sources for rubberf ^l<di eulalnated in the developnent of 
various syntbetie rubbersy saw of idilch vqzo equivalent to



t
IR  In  p ro p «rtl0s v h lle  tba othflra pesseswd qnalltlds^ v h ld i 

vero hltboTto viokaova to  tba robber w r ld *  Tto  dlTrneneos in  

proportlos eonld be aehloved by suitdble n u lp a la tiQ a  o f the 

aolocular strueturs o f  tho pcfXyaer during I t s  m ttfftetiirlng  

procosfl* Thlfl bas neeessltatod detailad studies on the rein* 

tioa  between stroetora end properties.

la the xoenitf^eture o f  rubber prodoetsy re v  rubber Ima 

to  undergo a process called vuloanisstlony uhlc^ Involves 

crossllnklng of tba ptiLyner chains so as to  produce a netvork 

v it h  improved properties* The structure o f the netvorfc greatly 

influeneos t  he properties of the yu l(»n lsa te « Th is  has ln |ro » 

duced new dinoasions in  tho study of strueture-property' relations 

o f rubb(xr»

The properties of a rubber vulcanlsate depend on the 

natureX o f tho base polymer^ the presenoe o f f i l l e r f  extending

o i l  end vulcfinlsing ^ s te S f  uhlch detexolnes the structtzrs of 

tho crosslinks and the extent to  the nev potXyner

^  are oodlfied chenicaajly during vulcanisatloo* The crosslinks 

Bay be earbon^arbaof aooosulfldle^ d ls u lfld le  o r p d y s u lf ld ie «  

Koreovery In accelerated stOfur TuXcralm tloa^ the mein chain 

nay be zaodlfled 1st the fomMtion of eyclle  sulfides elong tb «
>

the chain o r the attachaent of accelerator fragments pendant
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to tho ehaixu ZfaoM cfaflngos havo teen dtfscrlbod W  Batosoan 

and eoMorkertf^ and Is  l l l i ^ r a t o d  In  Flgnra I » l «

9
Tbo doTolcsBieQt o f  various chomiesi probos has enabOLod 

those dlffozont structuros to be q a a n tita tlTo ly  oharaetarisod 

la  vuXeafllzatos* I t  is  also bnovx^ that vulcanisation ean bo 

dooo tor quliiom d lo zlM S t zosinsf nrothaoe roagonts^ laalelnldosf 

netal oxldos and other magonts. A l l  those dewlopaonts lad 

to  the use of rubbor in  noa«tradltioaal areasf thus mihanclng 

the deiaand fo r  rubber*

With the petpoloon c r is is  of 1973 and the consoquent 

IneroasQ In  tho ^ lo e o  o f p e tro le w  products^ tho cost of 

produetloa of synthetic rubber has gono Tozy high Also 

the Increase In  thcr p rlc e t of cheiaical f e r t i l is e r s  and other 

agrlcTiltural chemlcsS^s^ laany o f vhlch are dorlved frcra petro-* 

Xeum p r o d u c t S f  has caused Increase In  the priee o f  M  as w e ll. 

IhiSy together v lt h  tho general Increase In  the prices of other 

rav xaaterlalst has necessitated a laanlfold Increase In  the 

cost of production of rubber products In  recent years« Banco 

there is  an urgent need fo r ensuring a laore Judicious use of 

tbo a ^ ilA b le  supply o f  rubber and rubber prodiKtts* Th is  can 

be achieved bjr liaprovlng the q u a lity  o f rubber products and 

V  suitably co n tro llin g  the factoars »h lch  contribute towards 

the fa ilu re  o f the products* In  e ith e r case i t  is  neeessary to  

have a somd ta o w le d ^ about the various vays in  vhich  rubbor



p r o d u c t s  f a i l  during sarvico* Thus studlds on t h o  fa llttre  

j r r o p o r t i d s  of rubbor has bocozao Important in tbo present 

eoato3ct«

of rubbor Is oxpeetod to  bo aocoiapcailod Iqr 
ehangss In i t s  structuro* Also tho ^ l l u r o  surfaeoy ^ o r o '^ r  

tfvailabley offoxsa good aroa o f rosoareh on tbo QQchanisa of 

, M llu P O » T̂he following pages givo «  b rie f review of e a rlie r  

theoretical studies on fa ilu re  properties of rubberf stisdles 

on the s tru ctu ra l changes associated w ith fa ilu re  and n lc ro »  

soopie ezasilnations of fa ilu re  surfaces*

I .  FATLm^ mopmTiP.B m v rrm m

Any product can be considered to  have failed  when i t  

can no longer f u l f i l  the fm c tlo n a l retiulreaents expected of 

i t .  Th is  is  true in  the ease of rubber products also* Thus 

fa ilu re  of a t i r e  can occur by the slow reooval of the tread 

through abrasive vaaT o r by chipping and groovQ cracking o r 

by fles; cracking and tbe consequent i^tlg u a  failure* Perntfuaent 

sot can causa fa ilu re  in products l ik e  gastoets and seals* 3h 

rubber prodiicts the factors considered to  be significant In 

contributingy e ith e r singly o r in  coBabinatlttiy towards the 

to ta l fa ilu re ^  arc tensile  and tear fra ctu re , heat bulldtqj
%

and thersK>-ozlddtlve aging, f le x  eracklng, abrasion,oscme 

cracking and set. T l »  factors lik e  deterioration by l ig h t ,  

radiation e tc . are also co n trib utin g , but only to  a lesser



QXtoat« Most of thasQ factors are loterrolatod and det«i> 
ained by tho fuadaaontal eharaetoristles of rubbor«

I«1 Taay tTBctvpQ Z Ths tooghaoss o f rtibbor Is  eonToni* 
ently  doscrlbod W  i t s  roslstanee to  toarlngj In prlnelpls^ 
th is  might bo charaGtorixed by tho aagnituds of j^h^^stsata 
a t  iM eh TMptxtTQ occurs a t ths t ip  of a tear^ bnt In praotleo

tho naasuroniQnt of sttch locaXlsod strossos Is  axtromsly
U

d iff ic u lt*  Ix lvlln  and Thozaas havo sbovn that tho t e w  

q u a lity  of robbors can bo oxprosssd a charaetorlstlo 

onorgy vhloh Is  rolatod to  tbs o la stlc  snorgy s to n d  In t)w  

highly stralnod zoao at tho t ip  o f tho growing te a r. Tho 

toarlng onorgy 7 Is  approxiaatoly glTon by

T »  d .K g ,* *  (1 ,1 )

^ r o  Sq  is  tho strain  energy por unit volisaa roquirod to  break

tho robber In slaple extension and d is  tho offectlTo  diazaoter

o f tho sQfiU zone of rubbor at tho t ip  o f tho toar* Tbs ymlao

o f tho tearing onorgyt vhlch is  a property of tho rubber under ^

the eoaditioas o f tho test and does not dopend upon tho type of

tost usedy but varies g re a tly  v ith  tho nature of ths rubber and
5o f any f i l l o r  and w ith tho rate and tmaporaturs • V h llo  glaring



m en  taperlmontal ovldeiKo fo r  th is  tearing onorgy coocopty 
6  7thomatf * b is  show that tho o ato rla l esixlbltod an abrupt

ebango in  the node o t  toarlng as tba tearing enorgsr Ineroasod
6 ithrough 3 X 10  erg/cm f  the rate of toarlng suddonly Incroas* 

Ing IroB about 10 to 10 em/s9Cm This corrolatod v l ^  a 
changQ la  tho appoaranee of tho to m  surfaeos from rough to

O Q
smooth* Later studies 7oith^ and Ahagoa and Gant have also 

supported these findings*

Tho enhanced strength re sulting  froQ both crrsta U lsa tiG a

and f i l l e r  relnforceoent is  also reflected In tho mode of tear 

propagation and In tho nature of the to m  surface* Ih m f iU e d  

non-oxTstallizlng rubbers the tear proceeds steadily resulting

in smooth tom  surfdoes^ but in  c rT s ta llls ln g  mbbers and in 

fiUer->rolnforead mbbers^ at the rate and toaperatures result* 

ing In h i ^  strength^ the tear proceeds In a s tic k »s lip  and 

sooetlmes knotty manner and gives rough irre g u la r to m  surfaces^*^* 

I t  is  also 'teovn that the incroased strength In  s tlc k »s llp  and 

knotty tearing stefts la rg e ly  froa an increase in  the effective 

dianetor of the t ip  o f  tho tear* ^ i s  change in  diaaeter is  

reflected ty  a change in  tho roughness o f the to m  surface* A 

broadening of tho t ip  of tho tear has been traced to severe 

mechanical hysteresis In  the h i^ i ly  strained region ahead of 

the growing tear^*^^*

1*2 Tm giifl rm tu m  ;  i l t h o u ^  rubber products are ra re ly  

iised m der h i ^  te n sile  stx«iln« tbo tensile  stress-'strein



properties are gcmoraUy regardod as tha bost qoalit/ ladoz 
o r any rtibbor vulcanixate. The mode of In it la tlo a  and propaga* 

t lo a  of rupture are very closely related to  the overall strength 

o f the vulcaalzate* Fuadaxvmtal studies oa tensile rtqptore are 

thus ifflportaat*

Borders and Jm o^^  have studied the dependence of tensile 

strength of rubbers on th e ir  viscoelastic properties and fomd 

good correlation betvoen the tensile strength of both gum and 

carbon black-^fiUod vulcenisatesy and th e ir  b r it t le  point in 

the c a ^  of a vide range of rubbers. Rubbers v ith  the highest

b r it t le  point have the highest strength* Smith 'y using the

MtF t ra n s fo in ^ i shoved the dependence o f tensile strength or

the breaking elongation of non-erystallixing 8t3rrene«butadiene
1_8(SHi) gua rubber on rate and toBi3>oratUTe. Greensmith studied 

th is  aspect in  more d eta il In the case o f SH1« V ith  unfilled  

sm  vulcanijsatea tensile  strength and breaking eloogatioa 

increase unifozcOor v ith  the rate of extension* Bowever in  the 

case of HAF blackirfilled SHI vulcm izate tensile strength appears 

to  pass t h r o u ^  a oazimixa as the rate of extension is  increased* 

I t  vas also found that the rate of extension affects the stope 

of the load«extenslon curve* Chaa of the explanations fo r the 

observed zsaximtsa in  the ease of f i l le d  SHI is  that the reinfore-* 

ing action develops during extension and re<}uires a definite 

time fo r devel^pooent so that i t  does not occur at high rates of 

extensions* A possible alternate explanation is  that the drop

iA  tensile strength is  cause by the heating vp of the specimens 

during extension at high rates*



Hm  effoet of tempoxvttzsv oa tha toosUa stzoasth of
i q

i^iAbor o f vuleanizatda has bom studlod by Thanas and W hlttla •

A c r i t ic a l  tomporaturoy Qcy vas fom d fo r  NR a t 'A ie h  an abrcq^ 

chango la  dtrongth occurs* Shis taoporatura depaads oa the 

dogreo of erossllnking and a lro  on tha natora of tha vn le a a i- 

sing systos* The pztisonca o f carbon blaelc laoroaaas tha strangth 

ftbovQ Qoy but has I l t t l o  Influanca on tba valua of Qe o r tho 

strength at t^iporatuxos belov it*  behavior can ba oxplalnod 

q u a lita tiva ly  in  tozms of a chango in  the sieohanism o f rnptttro 

from essentially a tear process above Qo to a crack growth process 

bolotf i t .  BoUy Stinson and Thooas^^ have stttdled th is  aspect 

further and fomd oiit a correlation betveen tho c r it ic a l  teape- 

raturo and the size of fla vs In the case of nattsral rubber*

1*3 Aging :  iVging is  the deterioration of tha desirable 

properties daring storage o r service and is  a phenoomson cccsaoa 

to  a tflde range of natural and sTnthetie naterials* I t  has been 

known fo r aL&ost a century that oxygen is  the prin cipa l agent 

In the degradation of rubber products* The action of ozygen on 
^  '

riibber is  catalysad by laatallie Impuritiesf heat, l ig h t ,  oecha« 

n ic a l strain  etc* and causes changes in  physical properties lilos 

tensile  strength, elongation and hardness* She exact r e la t im  

betvatti theae physical changes and the cheaieal reactions brought 

about by oxargen Is  s t i l l  la rg e ly  obscure and it s  resolution 

provides an in ^ r ta n t  area of study* I t  needs to  be stressed 

that the aging of vulcanised rubber d iffe rs  fron that of rav



rubber and a kncn^Lodgo of th s  vUXcanlzato stractnro Is  tbsroforo 

noadod boforor s l^ lT ic s n t  conclusions about tbo chei&lcal ehangos 

and tb e ir  physical oanifostatlm s can be 6rB\tu

A fffw locont have outlined most o f  the deirolop-

aents In the studies on aging* Thersto-cxldati've aging o f rubber
SUis  bolieimd to  occur in  tvo  vsys I  v ia  n̂tain chain sclasi<ai and/

26 '2.7
or crosslink scission* Te lth  Tobolsky $ H orlkz and Punn 

9 0
and Scanlan haw suggested that only oaln chain scission occurs

during aging* But developxoents in the stru ctu ra l characterization
2  21| of natural rubber vulcanixates have led Colclough and covorkers

to  study the oxidative aging in more d e ta il mi6 to  report tha

occurrence of crosslink s c is s im  during aging* Blackman and 
29^icCall ^ haye reported the structu ra l changes in  HR 'fulcanisates 

during thermal aging and tb e lr  effect on fatigue life *  BavUacquii 

and v^nisch^^ attributed the changes In properties of vulcanised 

QM during aging to re actio is  Involving both the hydrocarbon and

the crosslinks* The eartent of aging can bo assessed l y  oxygen
i

absorption aeasurciacntsy changes in  stres&»straln properties 

and by stress relaxation Beasuraaents^^*^,

Antlozldants have boon successfully used to  minimize the

oxidative degradation o f rubber* They fm e tlo a  in  tvo  vays :  

some antioxidants prevent or retard the formation o f free radicals 

In the in itia tio n  stepy vhereas the others interrupt the propa­

gation of the oxidative chain reaction by reacting v lt h  the chain 

carriers* The forsier type Is  called preventive antioxidants and 

the la tte r chain tez^lnatlng antloxldants^^« The chain tornlnatln



antloxidfints XSko aislnas and phmiols tm etlxxi by aonatlisg a 

bydrogdo atom to  tbo porozy radicals Tho antioxidant ra dica l 

90 fonsQd can them act as a ra dica l and torrslnato a soc^d 

k lnatlc  chain •

BCKT + AH — — > BOOT ^  A*

BOO* ♦ A* BOOA

Both tho abovo typas of antloxldants have boon usod in rtibbor 

and cortaln types o f  chamieala Ilk a  dithiocartoroatos display 

both moCos of action *

Tho offoct of earboQ black on aging has not be<ai studied

in d o ta il, la  the absonco of addod antioxidants i t  acts as a

voak antloxidanty but in  tbo prasontfo of a p^hanylono dia^sino

i t  roditcQs tbo offioioncy of tb0 antioxident* Moroovor tbo

intonsity of thoso offocts •varies acTOrding to  v l^th o r the vulcani

zato is  o ff ic io n t ly  vulcanised (3V).> accelerated su lfu r or

poroxido * Winn and coworkers found that carbMi WLack accele*

rates the oxygon intake of sulfar-<tured rubber and that tbo

reaction is  accompanied by a rapid degradation of the polymer.

Several mechanissis fo r  the pro*-oxidant ae ti< » o f carboa black
^ 3 -^ 0have boon p ro p o s o d '^ ^ ^  !3io axpXanatica given ly  Shelton and 

Wiclthaa^^ vhich Involves surface catalysis of the reaction betveen 

the rubber and osygen by carbon black seeios to  be the c»s t 

probable oae« C le a rly  the action of carboa blaok is  cc»aplex and 

further studies are required to  understand its  behavior*



A3  the aging proeoss ofroets tha structuro o f  vtacaal* 

ZBtQSj tho strength properties of rubber prodtiets are affiected 

b/ aging* In fact i t  is  a general practice to assess the e:rtent 

of aging following tho clm ges in  properties lik e  tensile 

strength* However tho re lation  between the changes In  the atrue* 

tn ra l oharacteristios of the vulcanisates and the extent of 

changes In properties has not been widely studied.

Jjk  Ozone cracking S Ozone is  a knowi reagent for c le a v  

Ing o le fln ic  double bonds and tho choislstxy of th is  process is  

as follows* Aa m stable ozonlde is  fonaed and th is  breaks up 

Into a carbonyl coiapound and a Zwittor ionic fragsient udiich may 

pol^^nerlze o r  add to  tho aldehjrde o r ketone to  give a true ozonid<

C M C/  s  /

Tho y ie ld  of the la tte r  is  normally saall in  moat olefins and

hence scission of the double bond is  an imi&odiate coasequenco
U2of tha attack ly  ozmo • Qisaturated rubbers lik e  are 

attacked tor osone and the ch^Biifltxy as given above fo r  sinple 

tileflns applies to  these pdyiaers also, 3h most regions of the 

world the coacentratioa of atmospherio ozone near ground le v e l 

seldom exceeds 5 pphza end la  often ntuch le s s ^ f  bat the cracking



i t  can eausQ in  msattvatod rubbors Is  tho most sorious aspoct 

of voatherlng fo r proaocts exposod outdoors m dor tonsiotu Ths 

roactlon of ozono v lth  robbar Is  cacctromsly fast and bocanso of 

the ra p id ity  of th is  reactioo^ ozoao is  tmablo to  ponotrate any 

approclablo dlstaxKso into tbo rabbor* Tho offoct o f th is  Is  

that tbo attaci: on uastrotchod rubbor is  nagligiblQ  fo r  p ra ctica l

pnrposos slnco i t  is  rostrlctod  to  a vozy th is  although h ig h ly
uu

dograded layor on tho surfaco • Tho proseneo of th is  la y o r 

groatly inpodas tho aecass of oeono to the Innor layers* tftidor 

th is  conditioa rubber appears Inert towards 02000.  Howover in  

stretched rubber the weak degraded surfaeo layer rupture and a 

small crack v i U  open up allowing ozone to ponetrate* The 

reaction tokos place r o p o t i t i^ ly  u n t il  macroscopic soparation 

(cracking) rosults and th is  can be so severe as to xsltiiaatoly 

result in fa ilu re  • Since actual satsples of rubber in o vita b ly  

have microscopic surface iinperfectlonSf any stress w iU  not be 

unifoTQy but v i l l  be greater at those ’ stress raisers** Henco 

at a given strain t)Hi c r i t ic a l  energy fo r cracking v i U  bo 

e^oseoded only at a certain nm ber of thoso flav6‘ s ite s , tho 

number being greater^ the higher the strain* This expXains the 

v e il  knoun phenoiaenQn that a small number of largo erecks 

develop at small strains and a siultitudo of so a ll crac'cs at
uulargo strains *

Braden and Ctent'*  ̂ shoved that crack grovth by oscao doos 

not take place unless the tearing energy, T ,  exceeds a charac* 

te r is t ie  valuo T^* Above th is , tho rate o f grovth o f a single 

crack is  substantially independent of tearing energy*



Qsddrstaadlng the aochanism of osqqq cracking has boen groatly
U6*U8advaaeod by sttidloa o f  tbo grovth of single e r a e l » ^ ^ ^ «  These 

studies have sbowi that fo r  ft nmber of rttbbors IncltidlAg M  

end S S y  the single eraek grovth rate (?Tq) at temperetttres v e il  

above the glass tra n sitio a  teBperattoe is  esse n tia lly  p ro p e r 

tio n a l to  the ^ o a e  coocontratioa la  the te s t tCTperature 

so that

“̂ o • V o  •••

nhore Is  a constant ^ r a e t e r l s t l e  o f the Tt£Lcanlsate«

McCool^ shoved that ozone crack growth Is  not assisted

a^dltloitfil roaotlccis israolvlng osEjgen since cracking proceeds

at a s la lla r  rate In tha absence of oa r̂gen and the a e tiv a tlm

onergy is  aneh loidor than that xequlred fo r  oxidation processes. 
U6Braden and Gont ahowed that osene craoksy oQce foxxaed» grov 

at different ratesf being s s »U e r  In  mbbers v lt h  higher 

hysterosis*

Proteetlon of rubbers against ozone attack Is  achieved 

by Incroporating w zeS f f le x ib le  coating^^ and chemical anti* 

ozonants^« The f i r s t  tvo provide a plQrslcal b a rrie r against 

ozoQOy vh lle  chemical antlossooants Ineroaae the c r i t ic a l  strain* 

The pfaysical antlosoaants are not suitable fo r dynamla appll» 

cations and chomleal antiosonants are h ighly stalnixsg and are 

lik e ly  to  be lo st during processing and se rv ice ^*  Blending 

v lth  osone Inert rubbers such as ethylene propylene diene rubber 

(SPDM) gives protectloa fay providing a plQraical b a rrie r 

binders the development of isacroscoplc caracks frosa microscopic 

CUBClOl^.



1^5 iw:4gtia fallPTQ J Is  yot anotbor liapoptant

factor eaoslng ralltxro of rubber products. I t  is  deflnod as 

tbs daoay caosod fay c y c lic  doformations at aa astplitudo loss 

tban that is  nocossary for fractmro in  ono cycla^ • Tbo dofor- 

aatioa eaa bo caosed lor taosioay eoaprossloa) flexlag o r shear*

I f  tbo stressing is  vigorous aad tbs cmpmont is  largo» fa ilu ro  

nay ba due to  exeossive beat boildtq;>» as may happen in  large  ̂

tyres at high speed. However there are a nm ber of other rubber 

products lik e  those in  engineering applicatlonsy ^ ^ r e  fa ilu re  

occurs as a rcs iilt o f  the growth of soall cracks across tbo 

specinon tnder repeated stressing • the fa ilu re  is  essen« 

t ia U y  a crack growth process from small flaws, tbo crack growth , 

bobavlor of the rubber and the size of the in i t ia l  flaw are the 

essential factors In  detenaining fatigue life *  The crack growth 

characteristics o f vulcanized rubbers have been extensively

studied^' The fona in  %Alch they have been expressed has
W 6

been derived froo the work of B iv l ln  and Thtsaas « Thonas and 

Greensmith^^ have shown that the tearing energy T  governs the 

Bagnitode o f the stxosses around the t ip  of the eraek and also 

detonaines the aaount m  rate of erack growth that occurs in the 

strained test piece* Tha ra latlaa  between the rate of crack 

propagation and tearing energy ia  an in tr in s ic  property o f the 

material and Independent o f the p a rticu la r type of test piece 

used.

For HR vuloanisatest provided the value o f T  fo r  catr 

phic tearing is  not oxeeeded, there is  only a neglig5'



of purely tlmo dapoadent eraok growth uador a coastant load*

This behavior appears to be associated v lth  strain  induced 

c rysta lliza tio n  vhioh also g im s i t  i t s  cbaraoteristie high 

tensile strength* I f  the test piece is  repeatedly stressed 

and coapletely relaxady hovever^ crack growth oocors during 

each loading cycle* ^  aisount of crack growth depends on the 

maxiaw value of 7 attained in  each cycle.

In any rubber fatigue failura  occurs through the develop- 

nent of cracks vhlch are in itia te d  by n atura lly  occurring flaws. 

Usually the -uorst flaws are at the surface and are associated 

with the proparatlMi of the sample “by cutting or motfLdlng.

However particles of d ir t  have frequently been observed to In lt ia t  

fa ilure  trom the body of the zaaterlal* I t  seems probable that 

poorly dispersed c<»spounding Ingredients can also act In a 

sim ilar way.

The niniaus tearing energy reQUired fo r any crack growth 

to  occur is  denoted as T^ and eorrespondlng to th is  there is  a 

fatigue liia it  fo r tensile  stressing below which the l i f e  is  

v ir tu a lly  In f in ite . For the nonaal flaw size th is  fatigue lim it  

is  usually between 50 and ICX^* tensile  strain* Its  stagnitude 

is  of considerable practica l significance as laost rubber compo­

nents sabjeeted to  repeated stressing w i l l  be designed to  worlc 

below l t «  The oagnitude o f is  governed by the Bkoleoular 

straeture of the vulcanlzate and the strength o f the chemical 

bonds and increases by a factor o f about two In vacuoa. I t  can 

also be increased b^ incorporating suitable antioxldants^ since 

oxygen fa c ilita te s  the rti^ture of the molecules m der stress •



1 ^6  Ahragtan I  Abrasion Is  an Inportant factor leading to

tbe falliXTd of a nnabar of rubbor products Including tires*

It  iSy poriiapsy tho loast ondorstood azsong tho various typas

of fracture of rubbor* A number of studies haTO boon laade by

sovoral authors to mdarstand tho abrasloo procass* Schallaciaeh

vas the f i r s t  to  study tho abrasion pattam  on abraded rubber

surfaces^ vblch Is  bollovod to  play a significant ro le  in  the
6 V 6 5abrasion process* Later studied by the saoe author

yielded inore Information on the phenoronon. But the exact 

aocbanism of formation of t:ie abrasion pattern and the extent

of Its  Influance <m. abrasive waar are not c le a rly  toovn«
/ i£,

Beflalkovskll and Brodskil have described the d ifferent 

typos of 'wear occurring during abraslcnx of e la stic  a a to rla ls  

and attempted to  find out the Infltenee of non-Qochanleal factors 

on abraslca as w sU as the rsLatloa betveen mecbanlcal pT<9 eTtias 

of rubber and Its  abrasion rroslstance* Brodskll and covorloars^^ 

have deraonstrsted how the re la tive  role  of o e c ^n ie a l and chemical 

factors In  the abrasion of tread rubbers depends on the te st 

conditions. They have shovn that on smooth surfaces^ v lt h  a low 

thermal co id u ctlv lty , abrasion Is  mainly dua to  thermo-oxldatIve 

breakdowny ^toreas on rough surfaces mainly mechanical abrasion 

occurs. The wear o f a series o f rubber conposltlons under tha 

s lid ing  of a smooth steel Indentor has been investigated by 

Budakov and Kuvshlnskli*^^ and they have reported that atmospheric 

oogrgen influences tho wear process*

lOQc. '



1 .

in f lm ic o  voar of rubber 1 a  tbreo yays the 

f i r s t  eooeoms tho magnitnde of the frlo tlo o a l forcoy tho socond 

tha raalstancQ o f rubbor to  roptnro and tho th ird  relatos to 

tyro 'v^ar aad conooma tho Infloeaee of horatorosis on tha azaocnt 

of Tolatl-vQ motloa In  tho contact aroa o f tbo tyro  v lt h  tho road.
72

Groonvood and Tabor' ahovod that tho f r ic t io n  o f rubbor on both 

vot and dxy sorfaeos Is  dominated by the viscoelastic  properties 

of rubber. the applleatlaa of fracture nachanics Southeni 

and Thoeiaŝ *̂  showed that ttaa fozaation of abx^sioa pattern is 

followed by czack growth irtiich playa an ioportant ro le  in  the 

abrasion process.

Laborotoiy tests fo r  abrasion resistance o f rubber axe used 

mainly to  rank d ifferent vtilcanizates. Usually those tests are 

uaed to  control aanufacturlng uniform ity. Over the years a nisBbei 

o f tests ha-ve boon developed to  test tho abrasion resistance of 

rubbers^* !7one of these tests can predict precisely the behavior 

of riibbers under actual service conditions and even the ranking 

obtained Troa one test metlK>d may not hold good in  another.

I«7  Cngmyft^aign set :  Set is  a very important factor in

assessing the useful service l i f e  of rubber products lik e  gaskets^

seals and engine a o w ts . Set occurring under coaprossive strain
75is  called compression set. Jahn and Bortiaan ^ have reported the 

InflQsnea of factors lik e  vulcanizing systexn  ̂ f i l l e r  type and 

loading^ type and quantity o f p la stic ise r etc« oa the cceqpresslon



sat of n l t r l lo  rtibbgr at diffarent tompoTaturos. Baldwin

studiod tha influanco of the in i t ia l  vuleanlzate strnetnro and

tha cbangos theroln duping hoat aging on high tomporaturo conpres-

slon s a t  of ^PPH rubber, Ha concluded that high tompGrattsro

c o a p r o s s io n  s o t  i s  in f l t t o n c o d  n o t  o n l y  b y  th o  f o n a a t lo n  o f  n e w

exossllnks but also by tho intorconvorslon of polysolfidle

l ln k a g Q S  p r o s o n t  i n i t i a l l y  i n  t h o  v u l c a n i z a t o s ,  Brlstovy Cuonoon 
77and Mullins havo attributod tho hlghor eomprasslon sot of HR

with rospoct to  that of cis-polylsoprono, to tho prosonco of

non-rubbor constituents In tho forraor. Tho offoct of tomporaturo

on tho ccsaprossicQ sot of trans-polypontonanory cis^polybatadicno
78and SHI has boon sttuiiod hy Dali* Aata •

Sot is  alvays assoclatod w ith stress relaxatltmy vhieh siay 

result from eith er physical or chomlcal procossos. Physical 

re la ^ t lo n  results from procossos such as the flow of chains^ 

tho moveiaent of ontangloioents e tc . K^caiaplos of chomical procossos 

are chain scission of covalont bonds at tho crosslinks o r along 

tho main chain* Curro and S a la za r^  have presented a nothod 

yhQTQby these tvo  processes can bo distingulshod using stress 

relascation data of butyl rubber and SPDH at different temperatures. 

Stenborg and Janson^* ’̂ ®  ̂ oxaialned th is  problCH further in  tho 

case of n l t r l lo  rubber Tulcanlxatos and showed that physical 

aechanlsia dominates Just above roOTi temporature^ vh lle  chanlcal 

aechanism doalnatos at hlghor tomporatures* Studebatear®^ studied 

tha ohangos in  crosslink density^ po lysu lfid ic  linkages and chain 

scission during compression set te st period. He reported that 

no significant change in crosslink density occurred during the



test* Hovovor^ thoro vas a laarked tondenejr towards a reductloa 

in  poOLysulfidlc crosslinks and in  tho solfur rank o f tha pdly^ 

stOXidlc llnfeagos.

I I .  g rB TC rm A L GHAIIGSS D JgO M  gAlLTRS

Hubbor products ara subjeotod to  various forms of maebanical 

and tfaoxsial strains during service and i t  is  l ik o ly  that th a ir  

notvork struct uro imdorgoos changos during sorvica* Such struc* 

tu ra l changos contribute considorably tovards tho doterioratioa 

of rubbar products* Corralation botvoen notvork structijre and 

tochnical proportios of rubber vulcanizatos has been studied b^

Da and coyorkars®^"^^. A sound knoMLadge about tbo structure! 

changes that aro lik e ly  to  occur In vtHcanlzatos undor servico 

conditions v i l l  help in understanding th e ir fa ilu re  phenoraena.
oo oq

Rando and De * have studied changes In tho netvork structure

of vulcanlzatesf subjected to different physical tests^ since

these testsf either singly or In em blnationf slaulate at least
90a few service conditions* Stuckey and cowortors^ have reported

docrcase in the proportion of polysulfid ie  linkages In  vulcani*
91sates during Pe Mattia flexing* Cunnaen and Bussel'^ reported 

changes in  tho cheiaical structure of W. t ir e  tread vulcanizatos 

during simulated and actual service conditions* They found marked 

reduction in  the concentration o f polysulfidie linkages and 

Increase in zaaln chain modifications* Increase In the crosslink 

density of t ire  treads during service vas observed by Hovard and 

W ilder^* But the extent of increase depends on tho curative



systea and tho natord of tbo base pdlyoor. S im ilar studies oa 

cis-lfV -polylsoprona have boon roportod by Podkol«ina and 

coworkars^» W o lf^  stodled tbo aging bobavior o f  soaling 

aatarla ls  tstdor varioTXS envirtnzaontal Influoncos*

111.  ffTfmnsnQPlc STUDIO

Microscopy of rubbor in  i t s  beginning was Ilin itod p rim a rily  ' 

to  the study of the size and shape o f latex particles^ and crysta* 

U lz a t lo n  and blocalng of su lfu r. l«8tcr i t  yan applied to  the 

study of particle  size and shape o f f i l l e r  m aterials used In  

rubber, 2h the la st fov decades considerable Improvoacnt In 

techniques of microscopical investigations have given a nev 

impetus to  rubber microscopyt such th a t, in  addition to  the above 

named applieationsy nev areas of applications have been opened*
95The developments In rubber microscopy haacboen reviewed by TCruse^

III* 1  Mierofleopflg :  liost Of the d ifferent types o f microscopes

have been used in  rubber microscopy* The lig h t  nicroseopof 

because of its  ava ila b ility ,e a se  of operation and v e r s a t i l i t y  vas 

the most popular* Cbdor ideal conditions it s  l im it  o f resolution 

is  about a quarter of a micron* Such conditions are soldc»a 

realised* The lig h t  microscopes vorking at magnifications up to  

5oqx are used ch ie fly  fo r id e ntifying  compounding Ingredients,

'for assessing dispersion and fo r  p a rtic le  siao measurement of 

ooarser materials* At higher magnifications they are used fo r  

atudles o f latex and the p a rtic le  siee o f f in e r f i l lo rs *  The



polarislog aieroscopos has made possiblo tho study of crysta* 

IX lza tioa  la  polyoers^*^^* The u ltra -v lo lo t  ralcroscopo la  

vhleh vis lb lQ  lig h t  Is  roplaeed by tuv* llla n ln a tlQ n  to  glvo a 

s lig h tly  higher rosolotloay has boon used fo r  pa rtle lo  slzo 

vork oa latleoa and fin o  t lU o rs *  Tbo phaso contrast alero* 

seopo is  capablo of d istinguishing psrts o f a spoeloon vhlch 

d i f  for only In  rofraetlvo  Indox^ and thus indlstlngulshablo in 

a convontional lig h t  mloroscopo* I t  has boon found valuablo 

fo r studying blonds of polymors^^*

111*2 ^J.getron ale-poseoPQ ;  Tho oloctron ralcroscopo is  tho

most rovolutlonary dovolopmont In microscopy and has brought an

IncraasQ in tho rosolving pom r that could novor bo ovon liaaglnod

boforo. The difforoncos botvaon lig h t  and oloctron microscopes 
aro resulting froaa the miich shorter vavo length and charge of

the eJectrons in coiaparlson with th9 photons of v is ib le  lig h t .

The shorter vavo length permits groater resoluticn  but tho charge

results in greater interaction v ith  matter. The imago in  an

eloctron microscope Is  e ith e r observed on a fluoresoent screen

or recorded photographically. Tho magnitude of tho Intow ctlon

betueon tho eloctrons and matter requiros that the path of the

QlQctrons (tho coltflnn) be evacuated to a pressuro o f 10*^ mn. Hg

or less and that tho sample bo oxtremoly th ln « Those tvo factors

lead to  most o f tho d if f ic u lt ie s  In electrco microscopyt roquirlnc

special sample preparation and handling procedures* A major

factor of concern to  polyaor microscopists Is  tho magnitude of the

Interaction o f the beam and the sample. Polymers ra p id ly  degrade



o r  tn d «r£0 cbemical changes siieh as crossllnklng vhen illtsni*  

natod v lt h  oloctroas of tho voltages noraally usod. Th is  can 

bo jttinlmlSGd Iff tho use of hlghor acceloratlng voltage coablnod  ̂

v lth  suitable sanple proparation^ ^tho u g^ ever^ sanple Is  to  

soao extent unique^ one geaerally applies various cOTibinatloas 

o f shadovlngf replicatlOQ^ dlsperiioa and sectioning. These 

techniques have boon described by Kay^^ and Pease^®®# Hleetroa 

microscopy has boon Qartensively used in various types of studios
*■

in rubber* These include studies on the d istribution  of rubbers 

in bloJJIds^*^ ,̂ d istribution  of carbon black in rubber blends^^*^^5 

the phonoaonon of bound rubbor^®^, the formation of vacuoles in  

carbon b la c k -fille d  vulcanlxates during stretchlng^®^ and fw ic - 

tured surfaces of vulcanized rubber speciiaens^^^*^^.

I I I « 3  Scanning. :qgctrQa._Hlcro3CQT3Q (s m ) :  The lim ita tions of 

optical microscopes and tho electron microscopes have stimulated 

search ^ o r  better equipments and th is  has resulted in  the develop* 

mont of scanning electron mlcroscopof the latest E d it io n  to  the 

electron microscope fam ily. Since a reasonably high resolution ^ 

Is  combined v lth  a groat depth of focusy the pez^its mate* 

r ia ls  to  bo o^snlned that are m sultable fo r replicatio n  o r vhose 

geometry does nc^ permit o p tica l microscopy. The S15M image gives

tho scientist an opportunity never before available to  see the 

object in  three dimenslcms* Tho S3M does not supercede other 

mlcroscopesy but becuase o f  It s  unique capabilities helps to  f i l l  

the gap between lig h t  and electron optlos.



i n , 3 « l  SSH in  pqlyaQr JBgoageh :  Whoa th t  SBK f i r s t  bocas» 

avallalxLo eoBiaorclallyf I t  vas tised aloost • zoluslfe lyf fo r  

biological and zaedieal rosoarchy ia  aetallurg^ and to  study 

soniconduotors and eloetroale nlcrodovleos* More and Bioro 

publicfitloos aro boglnning to  appoarf doaeribing S3H studios 

of polTxaersy adhosivoS| dontal f i l l in g s ,  f i l le d  p o ly m rs , short* 

fib e r reinforced p la stie s , organic coatings, foam p la s tic s , 

fracture studios etc*

Adhesives and fa ilu re  thereof can now be analysed more 

thoroughly. The SEM liaagos indicate re a d ily  whether bonds them­

selves f a l l  under stress or i f  i t  is  e ith er bulk phase o f the 

adhesive or the adjoining isaterlal that breaks avay, Adhesive 

fa ilu re  nay occur under isany different conditions and i t  stay 

even be conducted in the SISM its e lf  i^ l le  the ia  being

observed*

SH31 has been used to  observe the surface loorphology of
109polyxDorlc oaterlals lik e  chemically treated cottoHj^ fib re s  

polyethylGne^®, end pdlyxaer coatings on laetal surffices^^. 

Dennenberg end coworkors^^ have prepared a biodegredable p la s tic  

aatoTial from starch graft poly(iaathyl methacrylate) cop^lyaer 

end used S5M to  observe th e ir  fungus^infected surfaces*

Chang and Slagow skii^^ used SSH to  shov that glass fibers 

in  the glass«relnforced PSP sasple nucleate the gtovth o f v e i l  

defined sphertilites along the glass fib e r axis* The Interphase 

effects in  polymer modified hydraulic cements hfis boon the 

s ^ je e t  of another SHM s t u d y ^ \  Pennings and cow orke rs^^*^^



bava studlad tha e xysta lllza tlo Q  of polyamidos oador olevatod 

pjsssaara*

Fractt&TQ In  polyaers has boen tbs subject of a number
t t 7of SEM studios. White and Toh** ̂  studied the fatlguo fractura

surface of polyothylono and polyCvlnyl c h lo rld o ). They observed

that the appearance of fracture surfaces re fle c ts  to  a la i^e  ^

extent the mlcrostructure and properties o f materials used. They

have also showi that In s p e ru llt lc  lo w ^ e n s lty  polyethylene^

the dofonnation aeehanlsa depends on the tenporature of testing

as v e il  as the stress f ie ld  near the erac’t t ip  and therefore on
13.8the extent of advanceiaant of the crack* Smith and Howard

studied the p o st-yle ld  fracture o f p lasticized  cellulose acetate.

Parent and Thwapson*^' studied the fracture surface a o rp h o lc^

and phase relationships of polystyrene/poly(aathyl aethacrylate)

ssrstems. The chemical degradatlve stress cracking of poly

(otbyleno terephthalate) fib e rs  has been studied by Sveet and 
120B a ll '^ ,  ssH has also been used to  study the puU*out fa ilu re  of 

gXafts^flber^relnforced epo3Qr composites y fractiure surfaces 

of polypropylene containing elastcoerlo Inpact n o d lfle rs  , 

p6Iycarbcaiate speclMns fractured In tenslem » the f i b r i l l a r  

natiKe of envlrccmental stre5a*craoked surfaces o f  polyethylene^'*' 

and the rupture surface taorphology o f poily(vlnyl ch lorlde )^^^.

111.3,2 55M o f rubb^y 2 Use of SSM In  rubber research is  of 

O G i^ra tlv Q ly  recent o rig in . As In  other flo ld s^ In rubber also 

SW has been used mainly fo r nsorphologlcal studies. Thus Thanm^^^ 

used SEM to  reveal the morphology of the k ln lt  lin e s  o f an In ject I



BPDi^-polypropylttie bland* S^hulZy Calihan and Tato ’

•xBmlnod tho surfsco DDrph(d.og7  of solution pov6er« Thoy

showed that tha slov removal of solvent resislta In  a sponge

l l k 0 snrfaeof ^Aiilo rapid rQimyval of solvont yio lds an essen*»

tla X ly  continuous surfaco. tho surfaco morphology of eurod

and mcRTod carbon blaek-*fillQd TiP compounds y oxposod to  oxono

in  tho unstralnod conditiony has boen studied M drios and 
123eotforkors « On ozono ozposuro of carbon black loaded HR 

cocq^onnds containing r7yn'«^ioct7l«p*-phon7lono diamino a n ti«  

ozonantf a continuous film  is  soon undor vfaich has an atten*- 

nuatod to ta l ToflQctoneQ spoctrm  oasQntially idontleal to  that 

of ozonizod antiozonant.

S5M has also boon usod to  study tho suz^co charactoris* 

t ic s  of f i U s r s  used In  rubber and also the extent of rubber- 

f i l l e r  intexectioQ* Tho c e llu la r  surfaco characteristics of 

ric e  h u ll ash to  be usod as f i l l e r  in  rubber, and tho effect 

of grinding on the p a rtic le  sise and shape o f th is  f i l l e r  have 

been studied l y  Haio and Mohta^^^* Voet, Horavskii and Donnet^^® 

have demonstrated tbs presence of iioproperly dispersed and 

in s u ffic ie n tly  vetted cltnps of s ilic a  in  s ilic a  reinforced 

rubber vuleanizates« These clUDq>s of s ilic a  vere s h o ^  to 

In it ia te  microtear daring rupttcre*

Perhaps the laost important appUcation o f 5SM in  rubber 

is  in  fm ctu re  studies. O 'Conner^^ used S5M to  observe the 

fracture sm r^ces o f short fiber-re inforced rubber c(»aposites> 

w ith  a v ie v  to  find  out the degree o f f i b w  aligftment, the



w ifoim lty of f ib e r dispGrslon and th t  extoat of flbor*rubbor 

adhesion* I3o aad covorkers^^^^^^ studied the fracturo stirfacos 

of short fibor-rubbsr eomposltos to  sbov the fib e r poU^oot 

f a l lt t n  resulting from poor flber^rubber adhosioa^ ro le  of s ilic a  

In  proDotlAg adbesioof the allgnsent o f fib e rs  in  the siatrlx 

and the nature of the fraeturo surfaces obtained In  d lfforont 

types of fa ilu re  tests* Mnrty and De^^^ have also shovn that 

the nature of the fracture surfaces of short Jute flber*ro inforced 

rubber cociposltas is  not affected the presence of particulate  

f ille rs *

1A7Bascoa used SKM to  study the surface norphology of 

cycllzed n i t r i le  rubber and the tear fracture stirface of rubber*

I t  has boon shoun that cyc liza tio n  of n lt r l lo  rubber produces 

a b r it t le  surface layer* Mleroeracks dewlop \Haxm tho rubber 

Is  flexed and vhen stretchod, severely <leform the m de rlylng  

rubber into an open fibrous netvork* The study of te a r fracture 

surfaces demonstrated a slxaple technique vhlch allows observs* ^ 

tlo a  of tho defonsatlon zone at toar tip s  in rubber spocliaens* 

Investigation of various rubbers revealed qualitative  In fo r - 

matloa about tho type of y ie ld in g  that occurs in  tho deforxaation 

sooa under dlfforont conditions* Tho appearance of fibrous and 

nodulBr network in the tea r t ip  coitorial of a l l  the rubbers has  ̂

been attributed to  aglng« Boonstra^ H^ckxiian and K ib aya ^^ used 

SSM to  study tho abraded surfaces of t i r e  tread vulcanlzates in

• XAabouzn abrader at d ifferent s lip  angles* They found that 

the developmcmt of abrasion pattern and significant abrasion ♦ 

occur only ot higher s lip  angles* Bhowolck and Do studied



tbo abcraded stfffaeos of SH  ̂ and polytmtadiono rubbor (H^> at 

dlfforent Icvo ls  o f abrasloa and corrolatod t!se dlfferonco in  

tho xsochazilsa of abraaloa v it h  the dl^oronoe In  technical 

proporties Hlea boat boildtip;^ and eraek growth rato*

t .



17. ny vrnic

A thorough mdorstanding o f tho fa H oro  proportlos o f 

rubber w i l l  load to  dovolopaoat of nov foxaulstloos and proco*

SS08 SO as to  onhanca t } »  resistance of rubber vislcanizates to  

failure* Also a laxovlodge o f tho mechanism of In it it a t it t i  and 

propagation of fracturo in  rubber w i l l  d e fin ite ly  c a l l  fo r  ^

inprovomont in  the service conditions. Thus a s lig h t reduction 

in  tho temporatirre of service o r in  the stra in  o r in the frequency 

of stress applicatioa night bring about romarkable inprovezoent 

in  tho service l i f e  of robber products*

Tho roviev" outlined above indicates that fundamental

studios on the fa ilu re  properties of rubber are quite nuiaerous.

liowvaTj studies on tho chenical and physical changes associated

v lth  fa ilu ro  have not \^pt pace v it h  the fundanumtal studies*
8 9  S 9De and coworkers • have observed that certain fa ilu re  proper­

tie s  of rubber are associated w ith changes in  netvork structure 

of the vulcanisates* Hovever they have concluded that changes 

in tho netvork strticturo alone cannot explain the nechanisa of 

fa ilu re . In fa c t, fracture is  h ig h ly  localized and is  a selec* 

t iv e  process only a szaall nm ber of molecules isaking up a 

rubber product actu a lly  mdergo n a tu r e , ^ i l e  tho great laajorlty  ̂

are not affected* Moreovery th is  v i U  not break siisultaneonslyy 

but v l l l  rupture successively as the fra cture  propagates across 

t ^  speclzaen* Hence i t  voiild be in teresting  to  study I  (1 ) hov 

find \AiQre and under idiat circm stances the fi^ctu re  beginsy ’



(2 ) hov tte  eraelc grows onco I t  has boon In it la to d ; (? ) vhat 

ro le  thQ crosslink structure plsys In doteralnlng tho sorvieo 

l i f e  of tha speclzaan; (H) ^rtiathar tho freeturo stirfaeos chango 

m aer ^ITforont zaodos o f aeforsBtloa and also m dor tbo samo 

aodo of doformatloQ \rtiathor dlfforont rubbers shov different 

fracturo surfaces and (5) t^ to  vhat oxtont fa llu ro  of rubber 

Is  associated v lth  changes In  tho netvork structure* In tha 

present tbosls^ vhlch seoks to  answer some of thcso questions^ 

the foUovlng studios have boon m ce oa tho dlfforont types of 

fa ilure  of rubber*

(a^ Tenslla and tea r fracturo of rubber havo boon studied by 

easmlnlng tho fracturo surfaces under SI3IU effects of 

crosslink systoia^ f l l l o r  and typo of rubber on those typos 

of ra llu ro  havo boon studied*

(b) Thenao-orldat Ivo aging and Its  effect on network structure 

and fracturo node has b o ^  studied in the case of unflU od 

aid b la c k -flllo d  natural rubber containing tvo su lfu r vulcani­

sing systoms, Tho effact of an antloxldant" in  lalniialslng 

aging and the consequent changes In the fracture sK>do has also 

boon Included In  th is  study,

(o ) Hexing and tension fetlguo fa ilu ro  of rubber and tho conse­

quent changes in  noti<Fork structuro and fracture taode have 

also been studiod in  tho  case o f natural rubber and natural 

rubber/polybotadiene rubber blends.



(d ) Abraslvo voar of nstural robbcr/polybixtadlono rubber blonds« 

both Q ofiu od  and fiULody occurring undor dlTforsnt te st 

conditionsy has boon studied using SSM.

( « )  OZGGO cracking of liB and HR/3PDH blends bas boon studiod 

using SEM and chomical anal/sis of tha vulcanizatos. Tho 

offoct of IIAF black in  thoso rubbers has also boon studiod# ^

( f )  The offoct of conprossivo strain  et olovotod toiaporaturo on 

tho notvork structuro of ^  vulcanlzatos has boon studiod*

(g) Tho fa llu ro  of V -bolt dtjring slmulatod sorvlco testing has 

boon studiod by assessing the changes in  tte  network s tru c -  ̂

turo of it s  baso rubber vulcanlzato*
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Tho o atorls ls  usod and the oxporimontal procoduros adopted 

In  tho prosont Invest IgatIona are given In th is  chapter*

I .  mX3RI/^L?? IS3L

I#1 ^tetural rubbor : The natural rubber used vas crmib rubber, 

Isrffl-5, as obtained fraa tho Rubber Research In s titu te  of Ihdla , 

Kottajraia, Tho Indian Standards spoclflcations fo r  th is  gi«da of

rubber are given belov*
/

Paraoeters Llialt

1 . D irt content 1 fay masfl| 0.0?
T t^ a tlle  loattery bcT itex. 1 .0

3. Nitrogen, 7* ^  m s s . Max. 0.7
W, ^sh, by zaass. Max* 0.6
5. Ih it la l  p la s t ic ity , Po, Min* 30
6. P la s tic ity  retention Index (PRI)* Min* 6o



S in c e  i t  i s  to o w n  t h a t  t h a  z a o lo e t i la r  v o l g h t ^  n o l o e o l a r  v o i g h t

d i s t r i b u t i o n  and n o o -r u b b o r  c o a s t l t u < » i t 3  o f  n a t u r a l  r u b b o r  a r a

affafitod by clonal variation^ soas<m^ use of y la ld  stljaulants
lUo iWland mathod of preparation ? » rubber froBa the sanw lo t  has

been used In a pa rticu la r oxporliaent*

1 ,2  svnthotlc rubborg J Styrane-butadlono rubber (SBR-l5o2) 

vas obtained from Synthetics and Chemicals Ltd.^ B arelU e7« It  

Is  a oopolTmor of styrone and batadiGGOy manufactured ty  cold 

oaulslon polynorisatlon system using fa tty  a d d  and rosin soap 

emulsifier* I t  is  a non-stalnlng and non*dlscoloring cold SBR 

grade. The pdlybutadiene rubber used In the abrraslon and fatigue 

studios vas ??lpol 1220,  \ ^ lle  that used In tho studios on 7 -b e lt 

vaa Cisamor 1220, obtalnod from Indian Petrochemicals Corporation 

L td ., Baroda* The SPDM rubber used in  the studies on ozone cracfe- 

Ing vas Nordel supplied by Indian Cable Company, Jamshedpur.

I*^ Rubbor ehfflnlcalg :  i^ccelerator CBS and antioxidants, 

phenyl»^-naphthylaaino and N -lso propyl, W*-phenyl*p-phenylene 

dlanlno wore cocinarcial grades obtained from A lk a li aad Chenical 

Corporation of India L td ., Rishra.

r j l l n n i  C HAF Of 330) carbon black vas s;q>plled by

P h lU lp a  Carbon HLacks lA d ,, Durgapur and FT (5 880) black vas

S Q P P lle d  ty  Vanderbilt Co« In c « , Ife v  Yoris, China c la y  used

In  th is  voric vas supplied by rmnlc^ (In d ia ) L t d .,  ShahaganJ.

Pvacipitated S ilic a  (V iH ca sil-S ) vas obtained froia Bayer (In d ia )

Xitd«, Bombay* Ground vhitIng  vas obtained from Bata (In d ia ) Ltd ., 
Calcutta.



pthnr fthcaleala I  Zinc oxldo (p s 5 ,5 )»  a to «rlc  acid 

(p n 0*92) and alomontal 3tOfur (P = 1 ,9 ) wero chomically pure 

grade.

1^6 SpoGial chomlcala J Propano*2-^hiol and plperldlno waro 

Of a n a lytica l grado from FXtOts A,G.

I ,7  flolTTffnts I  Bcjnzonof acotone, n’-hoptanoj patrolom  <jthar 

(W0- 60®C) and d iethyl othar vare of a n a lytica l grado*

I I .  m m a

Mlxos wore properod on a laboratory sIzjj two r o l l  mixing 

m ill  (33 cm X l5  cm) at a f r ic t io n  ration of 1 ; 1*^5 In tha 

caso of natural rubber and 1 I 1 .1  in  tho case of synthotlc 

rubbors. Natiiral rubber was f i r s t  aasticatod| to  atta in  t  

Wallaco Rapid P la s tic ity  (100°C, 1 cm# platonf BS 1673* Part 3̂  

1969) around 20 by caroful contro l of tomporatirret 8®P»

tln o  of laasticatlon and by uniform cutting oporation. Tha 

cotapouading ingrodlcnts voro added as por i^STM Designation 

D15*62T la tha following ordar S activa to rs, f lU o r s ,  accele­

rators and sulfu r. Boforo tho addition of accelerator and 

su lfu r, the batch vag thoroughly cooled.

In the caso of blends, natural rubber t «s  masticated to 

■ Mooney Viscosity of hO (a p p ro x .), comparable to  that o f ffi 

and BPDM, Those rubbers voro preblended and then the additives 

'fere added, unless otherwise stated.



Aftor ccsBsploto nlalngy tho stock vas shoetod oixt and 

passed s ix  ttsos endwlso through tig h t nip and f in a lly  sheotod 

out at a nip gap of 3 mu. Mixing tljse and temperaturo vore 

cm tro lla d  during tho studios* Whon sulfur vas Incorporatod, 

tho tomparatuTQ of tho r o lls  m s  malntalnod at 35®-J+0°C.

I I I .  VULCANIZATION

Vulcanization vas corriod out In a David Bridge single 

daylight e le c tr ic a lly  heated press having cm x 30 cm platens, 

at 150°C and at a pressure of ^5 fcg/ca on the mould, upto 

optlmun cure tlaes. Mouldings wore cooled quiclcly In water 

at tho end of th^ curing cycle and stored in  a cold and dark 

place fo r 21+ h r , and vero used fo r subsequent physical tests 

and chemical analysis* For sartples having thlcloiess more than

6 mm (lik e  heat buildup, compression set and abrasion tost 

pieces) additional tines basod on tho sanpl© thickness vore 

used to  obtain satisfactory mouldings,

I I I . l  Tima of optiinum cure I Optimum cure times at l5o°C vore 

determined by using Itonsanto Rteooetor (R»100), Tho pptlnum 

cure time corresponds to  tho time to  achieve 90 percent 

of the cure calculated frwa tho formula,

Optlaxna cure »  0,9 ( l ^  * ^

and are maximum and Hlnimum torque respectively.



ffllTfT :  Ctffe rat© Indox vaa dotornlned from

tha rheogrfiphs of tho rospectlTo mizaa*

Cura rata ladax = « « «  (IX «2 )
*90 '2

vhora and are the tlmos corraspoadlng to  tho optimum 

cora and two units above minlmuD torquo rasp act ivQly*

1 7 .  P H Y S I C A L  1 S S T .  l̂ hOLS
At loast throa spaclsiens par sanpla voro tasted fo r  aach 

property end the moan values reportad«

l7 « l  Modulus, TonsilQ _strGnpth and__llQngat_lQn at break :  In

tho present work these tests ware carried out according to  

ASTM Designation D^12«>5lT using dumbbell specimens* A l l  the 

above tests wore carried out at 28 J: Samples w ro  punched

from vulcanized sheets p a ra lle l to  the grain d irection  using 

a dumbbell die (C-type)* Tho thickness of the narrow portion 

vas moasurod by bench thickness gauge. Two marks weira mado^

2 ,5  cm apart, in  the middle of the narrow portion. The sample, 

was held tig h t by tho two grips in  a 'Zwick* te n sile  testing  

aachine (s e n s itiv ity  0 ,1  k g ), the upper grip  of which being 

fixe d. The rata of sGparoticn of the power actuated g rip  was 

5o c&fl per minute. The load at 3007* elongation and at break 

vore road froa the d ia l, Tho elongation at break was measured 

'ttlng  a scale, Froa tho recorded loads, the stress was calcu­

lated on the basis of the o rig in a l cross-sectional area.



Tb9 tenallo  strength and laodulos aro roportod In MPa«
2

(Coa^orsloa factor I  1 kgf/cm »  0*098 MPa),

IV*2 rogifltaacQ J Tha tost vas carried ont as por ASTM

Bflthod unnlckodf 90^ anglo tost plocos wore used.

Tho samplos wore cut from the vulcanized shoots p a ra lle l to  

tho grain direction* Tho tost vas carried out on a •Zwlck* 

tonsUo testing machlno. The speed of esctanslon vas 5o cms 

por olnuto and tho tomperatuTO 28 ^

Tear resistance has been reported In kN/su (Convttrsioa 

factor • 1 kg/aa =» 0.98

IV* 3 Hardnesa :  Shore A typo Duroaetor vas employed to  find 

out tho hardness of the vulcanlzates* The Instrument uses a 

calibrated spring to  provide tho indenting force. Readings 

wore taken a fte r 15 secs, of the indentation vhon flu a  contact?> ■ 

has boon ostabllshod v ith  tho specimens* The method employed 

is  the sane as that in  ASTM D676-52T,

I V * Robound rGslllonce I  Dunlop Trlpsometor (BS 903^ Pt*22, 

19?0) \ms tised to  measure rebound resillenco* The sample vas 

hold In position by suction. I t  vas conditioned tgr s trik in g  

v ith  the indentor six tin e s. The tomporature of the speclm«i 

■holder and sample vas kopt constant at ?5®C. Rebound resilience 

^ 8  calculated as follows I 

«   ̂ 1  -  cos Qo
Roboand Resilience (/ . )  = -=------ r r r  '/ - - 3C 100 . . .  (11.3)i  ^  cos



^  And ^  ara the I n i t i a l  and rebound anglos rospQctlvQly, 

^  vas In a l l  to sta .

17,5 Abrasion rgfllatanee I Tho Croydon--Akron abrasion tostor 

(BS 903| Pt. ^9 I 1957 mothod C) uaod to  mQaaiiro th is  

property* Tho rosult Is  counnonly roprosentod aa tho volumo 

in  cubic contlnotors of the vulcanizato abradod from a spacl- 

flad tost place per 1000 revolutions of tho grinding vhcol 

under specified coaoltlons. Tho angle betveen the test speciisQn 

and tho abrasive wheel (s l ip  angled uas kept constant at 20^,

X7.6 CaBmTQ33loa sat Z Tho saraples (1,25 cm th ick  and 2,8 cm 

dia.Tioter) In duplicato, comprossed to  constant doflootlQn 

(257#), \jore kopt fo r  22 h r  In an a ir  oven at 70°c (ASTM D'̂ 95»6l 5 
mothod B)* A fte r tho heating period^ tho samples 'uoro taken 

out 9 cooled to  room tomporaturo fo r  h a lf an hour and the f in a l 

thickness vas measured. The cos&presslon set was calculated as 

follows I
t*  • t i

Conpressioi sot ( / . )  »  - r ^ — x 100 (II#W)
* ^s

where t^  and t^  ̂ are tho i n i t i a l  and f in a l thictoiess of tbs 

speclnen and t^  Is  tho thickness of tho spacer bar used,

17*7. Sloa: Gracklng I  KLez cracking vas determined by using 

a Do I'tottla flexing machine according to  ASTM Designation 

^ 3 0 -7 3 , mothod B. Standard specimens 15 cm z  2«5 cm z  0*6 cm, 

having a somi-*clrcular groove moulded transversely In the centra



of the s tr ip  varo osod. Tha tomporaturo of the flo zin g  chanbor 

eould bo coatroUod with aa accuracy of ±, l^ C . Tha machlno vas 

r m  at a froqtumcy of 300 cycles per alnute. The number of 

kilocycles required to  produce d ifferent le ve ls  of f le x  crack­

ing according to  standard photographs (BS 903, Part 26, 195o) 

shoving grade A, grade B and Grade C, and fa iltire  vas determined.

The length of the eccentric arm and connecting rod vere 

so adjusted that the distance betveen the stationary and movable 

grips had a mlnlnun value of 1 .9  i  0*01 cm %dien grips approached, 

each other and a aaxtoura value of 7*5 ♦ 0.03 cm \rtion they 

separated.

17.8 Crack grotfth I This property was also determined by using 

De Matt la flexing machine according to  ASTM Doslgnatltxi 1)^30-73. 

The sample and tha conditions of the experiment remain the same 

as In the case of the fle x  cracking test* In the case of crack 

growth to s t, aa I n i t ia l  cvtt of 0.203 cm v id e , p a ra lle l to  the 

groove and In the middle of t h s  groove of the sample was made 

using a standard cut In it ia to r  (SATRA piercing t o o l) .  The number 

of kilocycles required to produce a crack of 1 .2 5  cm vas taken 

«s  tha index of crack growth.

I7«9 Heat buildup I  The Goodrich flexometer conforming to  ASTM 

IteslgnatioQ D623-67 method A, was used fo r  measuring heat b o lld - 

The test was carried out w ith  the c y c lld r lc a l sample of 

^•5 CO in  height and 1.9 cm in diameter. The oven temperature 

vas kept constant at 50^C. The stroke was adjusted to  H.W5 mm



sad thQ load to  10*9 kg. Tho samplo vas pTOcondltionod to  

tho ovon temperature fo r  20 minutes* The heat developaont 

at the base o f the sample vas aensed by a thermocouple and 

relayed to  a d ig ita l temperature Indicator* Tho toaperature 

rise  at the end of 20 minutes taken as the heat

buildup,

Hext the sample vas taken out and the thickness \-ma 

measured a fte r h a lf  an hour. Thor percent permanent set was 

calculated frcra tho residual height of the saiflple and expressed 

as :

-  t i
PoriiienQnt set, ) = — — —  x 100 (l l* 5 )

'*o

vhero t ^  and t^  ̂ are tho in i t ia l  height and tho f in a l height 

of the test specimGn respectively,

IV .IO  Ozone reslstanco ;  A quantitative method fo r deter- 

mination of ozone resistance, developed by Andrevs and la te r  

modified by Wilchinsky and Krosge^^ was used in th is  study,

A tapered specimen was subjected to  a tensile  force such that 

the c r it ic a l  stress occurred soBiiewhere v ith in  the tapered 

•section. A fte r 16 h r the length I» of the sample vas measured 

and the sample, s t i l l  under stress, v&s exposed to  osone in  a 

i^^st Ozone Tost Chamber fo r 2^ h r . The ozone concentration 

^ s  adjusted at 50 pphm and temperoturo “W*5®C* Cracks appeared 

In  the high stress region towards tho narrow end of tho taper



tmt V6TG absent from tho lo v  stross regios towards the broad 

and* Tho position o f the boundary (c r i t ic a l  boundary) batwaon 

tho crackod and uncrcckod rogloas vas rocordod. The detailed 

gecsnotry of the specimen is  shown In Flguro I l « l «  The 

c r it ic a l  stress CcTJj) vas detoimlned d ire c tly  froa tho experl- 

Beatal data by

C"c «  F  /  [ a t g  a  ( I I . 6 )

vbore a Is  the undefoimad speclznen vldth  at tho narrov end 

(•Xa o) of the topcir, and t^  Is  the thickness at '>c^, obtained 

by Interpolation botusen tvo of three thlclmeas raoasurcoontsy 

□ado at tlio ends and at the slddle o f the spocljson. ^le 

c r it ic a l  strain  vas measured using the approximation*

C q  »  (l.if2 -  l .»4 2 A a v V  -  O*** ♦

vhere 7.^^ is  the average elongation. The c r it ic a l  e la stic  

stored energy density vas calculated from C”^ and €q by the 

following ralationshlp frrai classical theory of rubber e la s tic ity ,

^  * ^VCN c  ♦

F in a lly , the e la s tic  modulus E vas obtained frost c  and
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a m iQ iiL  m a i  m m m

T.X  PfftQ su lfu r Qstlraation ;  Frod su lfu r vas astimatod 

according to AS!CM Designation B297 * 72a«

Tba p rln sip lQ  of th is  mothod is  based on the reaction 

of tTQQ su lfu r v ith  sodium s u lfite  to give sodiisa thiosidfate 

which is  f in a l ly  t itra te d  against standard iodine solution.

S ♦ Ka^SO^ — ■*" ■ > Ha2S^0^
. . .  ( 1 1 . 10 )

I2 * ZTJa^&iO^ ------------- -- ♦ 2HaI

Two grans o f f in e ly  divided sample were digested gently 

with 100 ml of aqueous sodium s u lfite  solution (5o gia/litre) 

for 16  hours in  the presence of 5 ml of sodium stearate suspen* 

slon Ijq water ( l  gzsg/litre) to assist wotting and approximately 

1  gm of paraffin  wax to a^roid ae ria l oxidation* 100 a l  of 

strontitHa chloride (5  gm /litre) solution was added to preci* 

pitate fa tty  acids and 10  ml of cadxaina acetate solution 

(30 g n y litre ) to remove accelerators. To t  the vulcanlzates 

containing higher proportion o f accelerators^ additional 10  ml 

of cadmium acetate solution (30 gm /litre) was added to ensure 

complete p re cip ita tio n  of the accelerators, Hubber and the 

precipitate were separated by filtra tio n *  I t  was then washed 

twice w ith 75 ml portions o f cadmitsa acetate wash solution 

(1 .^  gra/litre ). 7o the f i l t r a t e  10  ml o f W0̂ « formaldehyde 

solution vas added w ith  vigorous s tirr in g  and subsequently



acid ifie d  with g la cia l acotlc acid (10 m l), Tho solution was 

coolad bolov l5^C by adding csiough crushod Ico and titra to d  

with 0.02 N lodlno solution using starch as Indicator,

A raagcnt blank was run and th is  flguro was subtractod 

from the? t l t r o  value of tho samplo.

Froo s u lfu r, / .  =. x , W.x. 0 ,0 V -_ ^ m ---------

v/horo X is tho volume of iodine solution required fo r t i t r a ­

tio n  of the sample in  ml, y  is  the volume of lodlno solution 

required fo r t it ra t io n  of the blank in ml, N is the normality 

of iodine solutlcn and W is  the weight of the sample talign*

V,2 ^inc sulfide Q^tXmatlon ;  The procedure is  based on the 

following reactions I

2n3 ^  a a c i  ..... -  ■>  Zfaci2 ♦ % s

I lg G  V C d C l o  ------------ - >  C d a  f  2 H C 1  . . .  ( I I . 1 2 )

cds ^ ^ In ------------ ► -*■ 2h i  + s

The fin e ly  divided sample (2 gia) along with 25 ml of freshly 

d is t ille d  peroxlde-froe ether was placed in  the digestIcaa 

flssk  of the apparatus as adopted by Adam end Johnson^^^. The 

reaction flask was ImEorsod in  a constant temperature water 

bath naintalnod at 100 a£l of absorbing solution (5 gms

of CdCl^, 25 gm of sodJm acetate and 2? ml of g la c ia l acetic 

®cid per l i t r e  of the solution) was U3ed for absorbing the gas



genersted durlnS dlgostloo* Aftor the sample had become 

svo U e i v lth  ether ( l  hour)| 25 ml of concentrated H : 1  vas 

added to the digestion flask and nitrogen gas ivas bubbled 

through the reaction mixture fo r a period of one hour* The 

amount o f B^S liberated from the s&sssHe bjr the HCl-ether 

dleestloa^ which is  the zaeasnre o f Zn3«*sulfnr9 vas absorbed 

as oadmlm sulfide (CdS) In the absorbing solution. A measured 

excess of 0*0? (I7) iodine solution vas added and the excess 

iodine vas back titra te d  against 0.05 soditsa thiosulfate 

solution using starch as indicator* A blank t it ra t io n  vas 

also conducted, FTom the tvo t it r o  values, the volume of iodine 

reacted v ith  cadnlura sulfide ■'.-:̂ s noted, Tha tSKomt c f zinc 

sulfide s u lfu r vas calcolated as follows I
zinc sulfida su lfu r, / .  S, ll^X. P. 016 x. I QQ ( u ^ l -

vhere X is  the voluae of thiosulfate required fo r the blank 

in ml and 7 that fo r the sample in  ml and the nonnallty o f 

thiosulfate solution and *W* the velght o f the sample taken*

7.3 IkLtomlnation of voltmo A c t i o n  o f  jubbor ;  The volume 

fraction of rubber, vas calculated from the equilibrium  

s e l l in g  data as fOllovs Z

Samples of approximately 1 cm diameter, 0*2? cm th ic k ­

ness and 0*^0 gm weight, ware punched out frc ^  the central 

portion of the Yulcanizate and allowed to  s ve ll in  thiophene- 

troe  benzene containing 0*5 per cent phenyl-^-naphthylamine



at 35^C X  0.1®C In a thflim ostatlcally controUod vater bath# 

Svolloa sastplosy tafaoa out a lte r  1 , 5y 9» 36 and

hour Intervals vere blotted w ith f i l t e r  paper and wolghod 

quickly In stoppered weighing bottles* For natural rubber 

TuleanlzateSf the 36 hour period vas found to  be sufficie nt 

for attaining the equilibrium  swelling vhereas fo r styrone- 

butadlene rubber and the blends U8 hours were required fo r ^

the attalnjaont of the swelling equilibrium . Samples were 

then dried in  an oven fo r hours at 70^ i  1 ®C, and then In 

vacvum and f in a l ly  weighed a fte r allowing thorn to cool In a 

desiccator. Duplicate readlnes ircro taken fo r each sample#

The volume fraction  o f rubber^ was calculated by 

the aethod rzportad by E l l is  and Weldlng^^^, n^lch takes Into

account the correction of swelling Increment with duratioa of

Ijanerslon ai’ta r  the equilibrium  is  attained#

(D -  FT) P
7 = ---------------. . .  (II.1W ) ^

^ <D -  FT) Pj. ♦  AoPg

vhere T  is  the weight o f the test spocimcn, D, the doswoUen 

weight of the test specimen, the weight fraction of Insoluble 

compQnentSy Ao, weight of the absorbed solvent, corrected 

fo r the swelling increment and and are the densities o f * 

the rubber and the solvent respectively,

py (HR) a 0 .9^; Py (SBR) « o#9M*

Py (BR) * 0#92; Py (epdm)  «  0.85

Pg (bensene) «  0.875^f *



ftcB  the oollectod data the valuo of Ao can bo e a sily  calcxilated. 

Xh8 erode velght ra tio  at any tin e  't*  is  given by

\imT9  is  the swollen voight o f  the speciiaen at time *t*»

I f  the e q u illb rliia  time is  taken as *X* hourSf the percentage 

Increment d^ a fte r *X* hours immersion is  calculated from

TlOO (w_ -  w .)
=* ----------gr*--------(11.15)

vhero Is  the crude veight ra tio  in the absence of increment

and is obtained from the graph o f against t ^ ^  by oxtTs^ 

pblatlng the straight lin e  through the data recorded after a 

long period o r swellingi to  zero time (Flgtire II .2 )*  The 

value of ^o Is  then given by

Ao . . .  ( 1 1 . 16 )

vhore Is  the v»ight of the solvent absorbed after 

hours* Immersion^ equal to <S^ D ), yhoTQ Is  the swollen

vaight of the specimen after *X* houses* The method is sim pli­

fied by carrying out this method fo r f i r s t  fifteen to twenty 

vulcanizates of varying crosslink density and a graph betveen 

^  ^  plotted as shown in Figure II«S « A single reading 

at e q u llib rita  swelling time« established by the f i r s t  few 

samplesi can then be used fo r calculation.
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patarmlnatlnn of etaamlcsal eTQasUnk donglfrg- :  Tha

eoooaotratloa o t  choDleal eioaalSaka vas oatlmatgd fraa  the 

valtH of tha e la stic  coastant oslag ifnlllna ralatlaoshlp^*’^  

v h i e h  v a s  o a t a b l l s b a d  t o  a c o o n a t  f o r  t h o  c o n t r i b u t i o n  o r  

etaalA « n d s  and p h y s i c a l  a n ta n g le z o o n ta  l a  n a t u r a l  r u b b e r  

T t i le a n lx a t a s *

.-1
PBT (2Me, chom) ♦ o 78 x  10^ J

1  -  2 ,3  (Mc  ̂ ch9m)f!a"^ d7nos/cm (I I .1 7 )

- 1

vhara P Is  tha vulcanlzate densltyy H Is  the molar gas 

constant, T is  tho absoluto touQxtraturey Hn Is  tho I n i t ia l  

molocular volght of rubbor hjrdrocarbon In  tho alx^ 2l4cy cham 

Is  tho donslty of chomlcal crosslinks and Is  roportod as mmol/kg 

of rubbor hydrocarbon. tho o la stlo  constant portlnont to 

tho rubbor hydrocarbon in tho ^ulcanlzato vas calculated from

tho following relation 1W5

In  (1  -  Yp) ♦ Vy

Z C iV g C v J^  -  V ,  / Z ) /  B T
. . .  (11.18)

Vg and are the volume fra ct ion of rubbor notvork 

la  the swoHen ge l, molar voliaao o f tha svoU lng  llq tild  and 

the n^iy-H ugglns solvent-rubber interaction parameter, 

>«»pectiYely,



T a lw  o f '>  ̂ changes w ith change a In roclpos and
i 1 U6
aoeordlnc to  the following re la tio n  ,

equals to  ( O . ^  fo r NR) when Is very small 

and it is  an ozopirlcal constant (equal to  0«18 for natural 

rubber^bonseno system).

Tho I n i t i a l  molecular weight of the rubber hydrocarbon 

In the miXy was detersiined from the lim itin g  visco sity  

n»abor[H  toluene 25®c by moans of the relatlonship^'^^,

toluene * .^.benzene *

( l l « 20)
and benzene = 2.29 X 10  '  Ral*33

The Ml values o f the natural rubber hydrocarbon In the mixes 

wore in  the range of 1 #W x 10^ to  1 . 5  x  10  •

Efl.tQmlnatlpn of erQsgllnk density In I

Although natural rubber gum vulcanlzates have received much 

Bttentiony loss d e ta il is  available on network structure of 

f i l le d  vulcanlzates^ undoubtedly because o f the uncertainties 

lAtrodOced by f iU o r-ru b b e r Interact la i .

In the case of vulcanlzates containing HAF black, the

^•lues of V r V4. >
f ODtalned as above, wore converted Into Vro

HI

*



(t ilt  valtio ^  absance o f tha black)

n a n s  of the following oquatlon vhlch was derived hy

Portax^'*®•

0.56 a"^ ♦ O.Mt . . .  ( 1 1 . 2 1 )

y .6  nn tam lnatlon  o f conean tfatlon  o f  d tffa ran t tvtma

wyngailnks I  Tho cQHcontratlonc of po lysu lfld lc  cross* 

links  ̂ ostlmatod fron tho dotOTjalnatlon of

ohomical crosslink donsltios o f vulcanlzatos boforo and a fte r

treatment with thiolanine chsiaical probe. Trcatioont of vu lca n i-

sates with propane 2 -th lo l (o.U-M) and piperidine (0,VM> in

n^heptano solution at room temperature fo r 2 hours cleaves the

polyaiilfidic crosslinks In tho network. The experinental
1U9netbods used voro described in  d e ta il by Campbell and 

Campbell and Savillo^^^* Action of propane S -th io l  is  based 

OQ nuoleophlUic displacement reactions by alkane th io ls  on 

sulfur atoms of polysulfides to  clave the sulfur bonds as

shown below. They depend on th ttlr re la tive  rates of the two 

displacement reactions and high resistance of the carbon* 

su lfu r linkage in  monosulfides to  such nucleophillic  displacement,

H -  S * \  S -  S • R» — ^  R*S-S-B» -S-.R<
H R«

----------- R-S-S*R» + R»-SH . . .  (11.2^:
H R»

S 
H

V  /

» - S : + R « - s - R »  - y  B-S-R* + H'-SH



}
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rr  *
r
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T^atnfipt with nropaao-S^thlol :  Tho saoplos ( l  nan 

th ick ) voTQ placod In  a c y lin d ric a l tubo 30 cm long and 3 cm 

ia  dimaetar, clanpod hdrlzonta lly  and purged with nltrogon.

7b9 spocliaons vqtq w all covorod with 100  lal thlol-am ino 

(pxopaxad ly  dissolving 37*6 a l  ppopano-^-thlol and 39*5 n l  

ro d istiU o d  piporldlno In n-hoptano and making upto ono l ltp o  

with furthor puro hoptano). Tho gas tap vas elosad to main- » 

ta in  tho nltrogon blankot in  the tubo* Tho apparatus vas

agitatod occasionally during tho tvo hour period.

ATtor renowing tho stroam of nitrogen through tho 

appardtusy the reagent vas run o ft  and replacod by 100 n l  of 

potroloun ether (b ,p . WO -  6o C) and tho apparatus vas 

agltatod occasionally diirlng one hour, ^ i s  cold o rtraction  

vas ropoatod u ith  fresh petroleiS!i other overy hour u n t il  four 

such extractions \^ vq nade under nitrogen. The specimens vere 

then reaovod and dried overnight in vacutaa to constant ^^«llght.

Thou tho chemical crosslink density vas nKiasurad by equilibrium  ^  

s w U ln g  method as described o a rlie r. Whon tho sanplo th ick­

ness was more than 1 na, tho speclinons voro svoUon in  n-hoptano

oTornight at rotaa teiaporatiaro und-?r nitrogen and su fflc io n t 

propane 2* th lo l and piporldlno ware added to givo concentrations 

o f fo r each reagent in  tho f in a l solution. The cleavage

-  f a c t io n  in tho presence of propano-^-thlol^ plperidlnoy and 

n*hoptano is exompliflod for tr is u lf id o  in  tho following 
•quatloa :



± /"
P I SH H K

♦ RSSpJ ♦ RSH ♦ HS”  . , . (1 1 .2 3 )

T l^  thlol*amlna combination gives as assoclato^ 

possibly plporlfilnlisft propane^S-thlolato ion p a ir, in  vhich 

tho sulfur aton has enhanced n u clo o p h illic  proport ies , 

vhich is  capable of cleaving organic tr is u lf id e s  (equation 1 1 #^ -̂! 

and higher polorsulfldes w ithin  30 minutes at vh ilo

reacting with corrospondlag d isu lfides {Gqufttioa 11.25) at 

about one thousandth of th is  rate* The favored p o lysu lfid ie  

cleavage is  duo to pn * 6n delocalization of the displaced

6-e lectron p a ir  of RSS* as shcm  in  the equation

RS • S • SR M
<----- ^  P i SSR ♦ S -  SR (fa s t)
p i  3 ^  .

r  v3p-electron deloealisat ion

\ffithln a pw • dJT bond) ( l l , 2M

A
- B  p i  2SP «. *SR (slow)

Py (no ^ -e le c t r o n

delocalisatlon) ••• (11*25)

S** is  used to  represent the n u cle o p h iU lc  thiol*aalne 

assoclate.



rjvnhiRQA su lfu r and crosslln l^ Inefficiency Tjaraaeter ;

t to  netvork cocblnod s u lfu r, , of tho vulcanlzates vas

a«tOPnilnod from the compounded sulfur available fo r crosslink* 

In f minus tho alnc sulfldo su lfu r and tho free su lfu r.

For examploy I f  the compomded sulfu r Is 2 ,5  gm per 

hmdred gram of rubber and i f  sulfur donated by sulfur donor 

i «  0.5 gm per hundred gr«m o f rubber, then the to ta l su lfu r 

•vallablo for crossllnklng is  (2 .5  + 0,5) gn. I f  the zinc 

sulflda su lfu r as detenalnod e a rlie r  of tho samo vulcanizate 

Is  0.25 gram per hundred gran of rubber and free sulfur as 

dotarmined by tho standard xoethod is  0.35 gm phr, then tho 

su lfu r ava lia b le  for crossllnklng is  (2 ,5  + 0*5) -  

(0*25 ♦ 0*35) gm 1*0. ,  gram por hundred fm of rubber 

faydrocarbon. The netvork combined sulfur is  expressed in 

mmol per kg of rubber hydrocarbon*

2
Tho su lfu r In effic iency parainoter T3 is  deflnod as the 

number of atMis of su lfu r combined In the netvork por chemical

crosslink, i t  gives a mQasure of overall structu ral comploxity 

of a su lfu r vulcanized network. Higher the value of S , tho 

higher is  tho su lfu r Inefficiency in the vulcanizate. Hence,

B =
chem T l



Details of calculations of crosslink type and stilfur 

modification index, 3 havo appeared elMvher^y but some 

essential argments and algebraic analysis have been reproduced 

here. 3!be assumptions used are Z

(a ) P olysulfld lc  crosslinks include not only the types
A

ESS^SR (x ^  1 ) but also v le ln a l po lysulfld lo  cross^ 

links ^dilch act physically as a single crosslink*

(b^ a l l  crosslinks are tetrafunctlonal.

7.8 -a?l aoatflflt i

The extent of chain scission In a 'vulcanlsate Is 

assessed by estinatlng its  sol content. The estimation was 

done by the method described by B rlstow ^^ In which the sanples 

vere esctracted with cold acetone in the dark fo r 8 to 10  days^ 

the acetone being replenished four tiaes during th is  period*

The samples ^ r e  then dried to constant voight in vacuo at 

room temperature, v/elghed samples of the extracted vulcanlsates 

(about 2 g) vere extracted with cold benzene in  the dark^ fo r

8 to 10  days, the benzene being replenished four times during 

th is  period. After benzene extractiony samples mqtq dried to 

constant weight In vacuo. The sol content vas then calculated 

from the weight loss during benzene extratioa.

V I. am ffla .a L5 ciR q B  nicBQgcQfi

The single most useful to o l available to  the rubber 

technologist interested to study the fracture surfaces is the



Scanning ELactroa Mlcroscopo (SSM). Th is  is  because I t  

xequlres the least anouat o f tecbaieal expertise fo r the 

interpretation of the results  and i t  presents a physical 

pietuxe of the fsracture susrfaces* The sazaple preparation is  

very slaple ccKupared to  other microscopic studies* Ckily care 

should be taken that the sample be kept In a dust*free 

condition after fa ilu re . Due to the non-conducting nature 

of the rubber specimen the fracture surface sha ll be coated 

with a conducting m aterial.

The prin cip le  of the SSM is  given in  Figure 

Slectrons from an emission source or filament are accelerated 

by a voltage usually In the range o f kV and directed

dowi the center of an electron*optleal column consisting of 

two to three magnetic lenses. ThQSQ lenses caxise a fin e  

electron beam to be focussed on to the specimen surface. 

Scanning co lls  placed before the f in a l lens cause the electron 

spot to be scanned across the specimen surface In the form o f

• square raster, s im ilar to that of a te levision  screen. The 

currents passing through the scanning c o lls  are made to  pass 

through the corresponding deflection co ils  of a cathode ray 

tubey so as to  produce a s im ila r but la rg e r raster on the 

sieving screen In a synchronous fashion*

The electron beam incident on the specimen surface 

metises various phenomena, o f which the omission o f secondary 

•leetrons is used in SKM, The omitted electrons strik e  the
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g^U ector and tho roaultlog current is  ampltflad and used to 

aodolito tha brightnoss of tho cathodo ray toba. Tho time 

fo r tba amission and coUoctlon of tho sacondarT' olactrons is  

Q9g lig ib l7  small comparod w ith tha tlnto fo r  tho scanning of 

tba Incldont olectron boan across tha spaelmon surface. Honco 

thora is  a ona*to*ona eorraspondanca betwaan the nunibar of 

secondary oloctrons colloctad from any p a rtic o la r point o f tho 

speoliaen surface and the brightness of tho analogous point on 

the screen and thus an Imago o f the surface is  progressively 

bttilU up on the screen.

The SI3K has no imaging lanse In the true sense of the

ward. Tho image magnification is  determined so le ly  by tho 

ra tio  of the sizes of the rasters on tho soroen and on the 

specimen surface. In order to  increase the magnification^ 

i t  is  only necessary to reduce tha currents in  the SEN scanning 

c o lls . For example, i f  the Image on tho cathode ray tube 

soraen Is  10 cms across^ magnifications o f lOQZy lOOQX and 

lOOOOX are obtained scanning the specimen 1 m m y 0«1 b b s  

and 0,01 am acrossy respectively* One consequence o f th is  is  

that high magnifications are easy to obtain w ith  SBM v h lle  

for very low magnifications o f IQX, i t  vould bo necessary to 

scan a specimen approximately 10  mm across and th is  presents 

d iff ic u lt ie s  because of the large deflection angles required, 

For Instance9 the electron beam may s trik e  tha lens pole 

pieces or aperture and at tho extremesy the scan l in e a r ity  

i&ay not be maintained.



D m  cGsnpletely d lfforent operation of tbo SKM comparod 

v lth  most o tlw r microscopes is  possible because there Is  no 

iM g ln c  lenSy and any s lg n ^  that arises from the action of 

the incident electron beam (reflected electrons) transmitted 

alectronS) emitted lig h t  e tc .)  can be used to form an Image 

OQ the screen.

The SBM observations reported in the present Investi­

gations were made using lS l-6 0  and P hilips 500 model scanning 

electron microscopes. The fracture surfaces vere carefu lly  

out from the fa iled  test pieces without disturbing the surface. 

The shape of the test specimons and the portion from where the 

fracture surface has been removed fo r SBM observations are 

illu stra te d  In the respective chapters. The fracture surfaces 

vere sputter^-coated with gold w ithin SW hours o f te stin g . The 

SEM observations were aade w ithin one week a fte r gold coating. 

Tho t u t  was adjusted at 0*̂  and the orientation of the photo­

graphs was the sane In  a l l  cases. The fracture specimens were 

stored In a desiccator before and a fte r gold coating t i l l  the 

SSM observations were mAde. From prelim inary studies I t  was 

found that storage of fracture specimens upto a period of one 

veek before gold coating and upto a period of one month after 

gold coating does not a lte r  the fracture surface topography 

as observed in  SEM. The operating conditions of the S^M are 

smanarlsed below.
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Tha sorvlce l l f o  of rubbor prodticts depends on th o lr

roslfltaace to  various types of fracture, among which an

liBportant one is  tear* theories have been proposed In the
U 5 7-9past to describe tear fracture of rubbor vulcaniaates • ’ ,

but l i t t l e  is  kno\jn about tho deiaaged zone, \ihera dofonaation 

and fracture take place. Recently scanning electron microscopy 

(SS4) has been used as a to o l to study the characteristics of 

the fractxtre surfaces of rubber vulcaniaates^^^"^^^* 162- 16 -̂̂  

Thes« studies are expected to  throw more lig h t  on the mechanism

• of rubber fracture. In th is  part SSM studies on tear fracture 

of natural rubber vulcanlzates are reported. The parameters 

studied are , (a) effect of crossllnklng system and (b) effect



f i l le r *  The formulations of the mljces are given In Table I I I . 1 ,  

Th® optlmton cure times, physical properties and values are 

given In  Table The rheographs of the mixes are show In

figures III«1 ^  III# ^  and I I I « 3 .  Figure III.W A gives the d lre e -

tlo a  of force in the tear test and that of tear propagation* The 

tear testing vas done at a rate of pu llin g  of 5o cm per minute 

at room temperature (3 0 ® c ),

From Table I I I . 3  i t  is  seen that the tear resistance of 

natural rubber vulcanizates are very much dependant on the cross- 

linking  system* As expected, the peroxide-cured vulcanizates 

(Mixes A and B) show low tear resistance both In unfilled  and in 

f lU e d  systems* The su lfu r vulcanizing system gives appreciable 

tear resistance oven in  the u n fille d  vulcanlsate (mIjc C)*

Addition of HAF black to th is  system (Mix D) enhances Its  tear 

resistance romar?cably* FT black and china clay are only m ild ly 

reinforcing f i l le r s  as shovn by th e ir effect on te a r resistance ^

(Mixes E and F ) ,  Stress dissipation near the t ip  of a growing 

crack by viscoelastic processes is  essential fo r the development 

of high strength* In the ease of sulfur-cured vulcanizates, 

stress dissipation is  possible through the slippage of sulfur 

crosslinks. In peroxide-cured vulcanizates on the other hand, 

crosslink slippage is  prevented as the crosslinks are carbon-carbon 

^ype and, therefore, stress dissipation is  minimized. Addition

of reinforcing black causes additional mechanisms hy vdiich strain  

energy is  dissipated* Mechanical energy dissipation through



In creased  hystorosls resulting frcaa the Inclusion of particles 

In  a viscoelastic medium has boon studied hy Badok aad T a l ^ •

Any loss of segiasntal m obility In the polymer matrix resulting

trcm Interaction with tho f l l l e r i  farth er increases hysteresis. 

Motloo of f i l l e r  partlcloS| chain slippage or breakage and 

te^vatting at high strains also ac^ontuate hysterotic behavior, 

lb addition to causing incroased energy dissipation^ dispersed 

particles f in a lly  serve to deflect or arrest growing cracks, 

thereby further delaying fa ilu re  •

Tho low I g v g I  of interaction between clay and rubber as
156reported by Mukhopadhyay and De 9 causes tha formation of 

looao agglomerates In the m atrix, '^ Ic h  act as stress ra isers, 

thereby causing premature failure* This accounts fo r  the low 

tear resistance of tho c la y -f illa d  mix. The SSM observations 

discussed la te r In this  part support somo of those explanations. 

Failure to  enhance tho tear resistance of poroxide-cured Tffi 

vulcanizate by HAF black might be due to tho dominant effect of
the crosslink type, as discussed e a r lie r , which is  not influenced 

•t«aa hf  tho reinforcing f i l l e r .

Figure I I I .  5, Tiftilch is  the SSM photograph of the tear fractiu

■nrface of the peroxide-^cured u n fille d  >vulcanizate, shows a typical 

path on tho surface. From the figure i t  is  apparent that the 

t «a r  propagates in  a s tio k »s llp  manner. A sim ilar mode of fracture 

yrnm described by (auckllch and Landel^®. D e  and coworkers^^^



sim ilar observations In th o lr  SSM studies on fa ilu re  

of carboxylatod n lt r i le  rubber^ One end of the fracture surface 

is  shown in Figure 111*6, iirtiich shows microfolds on the surface* 

Addition of HAF black to  the same system changes the fracture 

pattern (Figure although i t  does not enhance the tear

resistance* The surface is  rough and has a layered structure. 

Separation of the o a tr iz  near the f i l l e r  agglomerates is  also 

seen In th is  photomicrograph*

The SEM fractograph of the sulfur-cured u n fille d  NR vu lca n i- 

sate (Mix C) is  shown In Figure 111*8* Tho siarface shows a large 

ntaibor of broad tear lin e s which propagate by the stick*slip  

process* Thero Is appreciable branching of the tear llneSf vAilch 

Indicates tear deviation* Th is  accounts fo r  the higher tear re sis ­

tance of the sulfur-cured vulcanlzate as compared to the peroxide- 

cured one. Formation of parabolic toar lin e s  on the fracture 

surface has been attrlbxited to  the Interaction of the main fracturi 

front with subsidiary fracture fronts in itia te d  from flaws Just 

ahead of the c ra c ^ ^ ^ . A model showing the formation of parabolic 

tear linos on the fracture surface is  given In  Figure III.W B ,

The addition of HAF black to  the same system changes the fracture 

■ode remarkably as seen from Figure 111*99 \Aiich is  the SEM fracto* 

graph of vulcani2ate from Mix D* The high tear resistance of th is  

 ̂VQleanisate can be correlated to  the roughness of the surface and 

to  the appearance of A large number of short but rounded tear lin e  

^ i c h  are distributed at randohu Reinforcing HAF black provides



liyroved w t t ln g  and adhesion charactoristlcs and prevents tear 

frflM proceeding straight.

Addition of PT black Improves tear resistance only slightly* 

Th* fracturo pattern as given in Flgxire I I I .1 0  is  also different 

fr<B that obtained with HAF black. The surface is  smoother v lth  

a fov long but straight tear lin e s . Figure I I I « U  is  the SEM 

fr«ctograph of the c la y -f i lle d  vulcanizate. The surface does 

not show any tear lin e . The poor bonding betveen clay agglo-* 

■arates and rubber causes the former to come out of the matrix. 

Th is  results in the formation of a large number of pits on the 

atarfaco and thus makes the surface appear rough. Figure 111,12 

la a aagnified image of the same surface^ where the formation of 

pita on the surface as a result of clay agglomerates coming out 

of the matrix Is c le a rly  seen* As pointed out e a rlie r , such loose 

afglomerates In the matrix act as stress raisers| thereby reducing 

tha overall strength of the vulcanizate. The low level of polymer- 

f U l e r  interaction In the case of PT black- and C la y -f ille d  

volcanlzates is  also evident from th e ir Vj, values, which are lo\^er 

than that of the HAF b la c k -fille d  s\ilfur-cured vulcanizate. Since 

tha actual crosslink density of vulcanlzates is  not much influencei 

by tha presence of f i l l e r s ,  changes In may bo taken as a measure 

of pQlym er^flUer interactlon^^^^^^* Tha Increase in 7p on the 

Addition of HAF black Is much less with the DCP curing system.

I f  th is  Indicates less interaction between rubber and f i l l e r ,  th is  

could accoimt fo r the lack of reinforcement as discussed e a rlie r.
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F O R C E

la) (b)

SCAN AREA

^ F R A C T U R E  SURFACE

( c )  .

T h e  s h a p e  o f  t h e  t e s t  s p e c i m e n s ,  d i r e c t i o n  o f

F R A C T U R E  P R O P A G A T I O N  A N D  THE P OR T I ON F R O M  

. V / H E R E  THE S U R F A C E  H A S  B E E N  CUT F O R  S E M  

O B S E R V A T I O N S  . ( q ) T E N S I L E  (b)  T E A R



“5 • -i ••

T E S T  S P E C I M E N  B E I N G  T OR N 

P O R T I O N  X IN 1 E N L A R G E D

a . S T I C K  S L I P  T E A R ,  b .  R O U N D E D  T E A R  LI . MES^ 

| c ; M A I N ' P A R A B O L I C  T E A R  P A T H ,  . 

r.d-; S E C O N D A R Y  T E A R  LI  N E S j  e . S T E A D Y  T E A R .



I Tear'  f r a c t u r e  o f  DCP- 
iffld U A f I l i a d  NR*, s t l c k - s l l p

FIG. I I I .  6 • Tea r  f r a c t u r e  o f  DCP- 
cured u n f i l l e d  NR  ̂ m ic ro fo ld s  on 
th e  su r fa ce .

' f r a c t u r e  of  DCP- 
[ ^ " I f i c k - f U l e d  nr; layered

T5B>



n n : ?  ; Taar f r a c t u r a  of  Lfur-cur^d 3 F  j l a c k - f i l l G d  
1 tough surfaco  with rounded 
tr lin o s .

FIG. I I I . I O  I Tear  f r a c t u r e  of  
sulfur^Gurcd FT b l a c k - f i l l e d  i‘JTi*, 
smooth t e a r  l i n e s .

*• * Tear f r a c t u r e  o f
^ ‘ Cured c la y -f iliG d  ĵj;;i f ra l surface.

FIG. I I I . l ^  I Tear  f r a c t u r e  o f  
s u l f u r - c u r e d  c l a y - f i l l e d  NB’, 
fo rm a t io n  of  p i t s  on th e  s i i r face .

r-nfr
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In eontinuatlOQ of tho studios oa tear jTracture, roportod 

In Ptrt Af the tensllo  ruptiiro characteristics of rubbers 

atudiod by S5M aro roportod In th is  part* Tho paramotors 

■tadlod «ro  I  (a) tifo dlfforont rubbors, namely NR and SER,

M  the effect of type and extent of crossllnklng and 

(o ) effect of f i l l e r .

Theories of tensile  rupture have been described previously 

^  OreeiUBith^^, Thomas and W hlttle^^, Smlth^^ and Gent^^®.

• u t h o r s  correlated strength with tearing energy or vork 

b r e e k  p e r  m l t  volume. But the nature of the fracture

'■ifler tensile  rupture was not f u l ly  o3q>lored in  those 

► ^  ••• The present study attempts to reveal the nature of

; freetore surface formed in  different types of vulcanlzates.



yafnlation* of tho mljras (A-D and F-J) are given In 

laM ss m # l  The proportlas of those mixes are given

ia Tables IIJ*3  The rheographs of the mixes are

<howi la  Flgtffoa I H . ^  and 111*3. Figure shows

thl ihape of tha tost spedJOQUy the d irect Ion of application 

of force and the portion fr<»n vhero the fracture surface has 

beea xeaoved fo r the SKM observations. The test vas done at a 

rite of p u llin g  of 50 cm per minute, at room temperature (30^C)«

The tensile strengths of the different vulcanizates are 

fuinishod in  Tables I I I « 3  and Figure I I I .1 3  la the

fraotogreph of the peroxide-cured u n fille d  vulcanlzatc. Long 

but thin tear lines are observed on the surface. A large number 

of bright spots are also seen on the surface9 \^ich  act as 

nuoloil for microfolds emanating ra d ia lly  as seen in  Figure I I I . l^ #  

We believe that those spots are characteristic  of a s tra in -c ry s ta - 

Uised matrix undergoing rupture at high s tra in . The fracture 

surface of the sulfur-cured u n fille d  JIR vulcanizate (Mix C) shows 

a rough xone near one end of the sui'face (Figure 111*1?). The 

surface also shows a number of bright spots« i^ ic h  act as n u c le ii

for «lcro fo ld s  (Figure 111*16), The crosslink density of the 

vulcanlxate G is  high, as Indicated by i t s  in  Table III .W ,

•nd the fracture mode changes appreciably* Figure I I I .1 7  is  the

®M fractograph of the te n sile  fracture surface in  the case of 

the 'vulcanizate G, The figure shows folding on the supfaco and 

^andoa d istribution  of tear lin o s . The sample breaks at a much 

lower elongation, even before the occurrence of strain-induced



^ ^ U » d  on«s* This  shova that ths mechanism of fracturo is  ^

t lf f* T «n t  In  m f il le d  ana f i l le d  NR vulcanizatos and In  f i l le d  

^lileanixstes nature of f l U e r  (reinforcing/noa-reinforcing) 

b u lg e s  the fracture node.

t*-
j0 the case of SEEl) the peroxide curing systen makes the 

TtilcaniM te b r it t le  w ith very low tensile  strength and elonga­

tio n  at break* The fracture surface shows 's l ip  linos* as seen 

froa the fraetograph (Figure I I I . 2 2 ), This type of s lip  lines 

has boon described as a characteristic  of b r it t le  fracture in 

tho o»so of polymethylffiothacrylate • These s lip  lin es  are 

•hyperbolae* formed on the fracture surface at the Junction of ^ 

tvo  •dyanoing cracks^ -vAiich start from two different centres at 

the Mmo speed I but at d ifferent timings* Figure 111.2*  ̂ is  a 

M fn ifie d  imago of the surface ^^hich shows microfolding on a 

portion of one of the tear paths. The sulfur-cured u n fille d  S® 

^ulcanlzate shows a d ifferent type of fracture. The surface is  

smooth with a few tear lin e s  (Figure 111.2^), tfalilco in  the case * 

of HR, small bright spots which are believed to bo duo to crsssta- 

U l t o 9| are much less in  SHI. Th is  again confirms the idea that 

those spots result from strain-induced c ry s ta lliza tio n , i^ ic h  

••nnot bo realizoa in  n o n -crysta llia in g  copolymer rubbers lik e

With the addition of HAF black the strength of SH  ̂ Increa- 

'  *** romap^liahly. Th is  jmprovement in  strength is  reflected in 

tbo flttuTo of the fracture surface also. The surface is  rough 

^ t h  curved tear lines (Figure I I I . 2 ? ), Compared with the ^

^ ^®^**®P®*^dlng NR fracturo surface, here the ntmiber of tear lines



±M lM%Mf but th e ir size la rg e r, Flguro I I I .2 6  is  a magnified 

fi«ctograph or tha HAF b la c k -fille d  SHI vnlcanlzate \rtiich shovs 

a  cr*ck  alcag one of the tear lines* The high le ve l of polymer- 

flUer interaction In the case of HAP b la c k -fille d  rulcanixates 

foioation of regions of high strength In the composite 

and henco smooth propagation of fracture is  hindered. This 

rvsults  in the occuzrence of a rough fracture surface and curved 

tear lines and enhanced tensile  strength of the vulcanizate#

f '
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T onsi lo  f r a c t u r e  of  
u n f l l l o d  NK; gonara l

FIG. III^l^- I T e n s i l e  f r a c t u r e  o f  
DCP-cured u n f i l l e d  NR̂  nuc lG ation  
of m ic ro fo ld s .

r^ ^ 'X 5  C Teas l i e  f r a c t u r e  o f  
JW filled  m \  rough

200>
FIG. I I I . I 6 • T e n s i l e  f r a c t u r e  o f  
s u l f u r - c u re d  u n f i l l e d  NR̂  g en e ra l  
s u r f a c e .



III. 17 : Tonsllo fractuTG of CtOflflllnkod sulfur-curod 
Od gonoral surface.

f r a c t u r e  o f  
e*S52 ^l®ckAfillGd NK; 

•' ' '".vUth*curved t e a r

175/̂

FIG. 111,18 I T e n s i l e  f r a c t u r e  of  
DCP-cured b l a c k - f i l l e d  NR*, s t r a i g h t  
and curved t e a r  l i n e s .

FIG. I I l , 2 o  I T e n s i l e  f r a c t u r e  o f  
s u l f u r - c u r e d  b l a c k - f i l l e d  NK, 
f i l l e r  agg lom era tes  n u c l e a t in g
f r a c t u r o .



ac fy * -*. •■'Jo

>r*< 't'^i 109 >*

t̂iJii’S l ' :  Tonsllo fractur-3 of 
•eiKTtid c l a y - f l l l G d  N K j  p i t t e d  id4Vlth fiflsuros.

FIG. I I I . ; TensilG fracturs of 
DCP-curcd u n f i l l G d  S B k J  s l i p  l i n G S

I
'■ !

i

fracture of 
SBR; detailspath.

FIG. III.2U- ; Tensile fracture of 
sulfur-cured unfilled SBB, smooth 
surface with tear'lines.



' ^ n , 2 5  : Tonsilo  f r a c t u r o  of 
ipurod b lack^ f l l lG d  S3R; 

-jtoar l i n o s .

FIG. I I I .2 6  : Tensl lG  fracture o f  
s u l f ur-cuTGd black-fillGd SBR̂  
crack along a t e a r  l irxQ,

4'-
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PAHT iU T!I5BM{W}XlDi^IV3 AGSIG AHD ITS S m c f  Off 
H!3TO®1C STRUCTTKS ATO IIlACTniS MODfS Of 
rTATtFAL ?0LCA5I2ATBS

This  part has been aceopted fo r  poblieatioa In  P6Lymv*



The prosoncQ or a high lo v o l ot m saturatlon In natural 

rubbor aoloculo nakos i t  h ighly suscoptlblo to  attack by oxygon. 

Sovoral factors lik o  hoat^ lii^ht^ prosonco of pro-o:cldants and 

laochanical strain^ accolorate tha oxidation procoss* Among 

thftsetho Qffoct of hsat Xa tha most significant* During sorvlco 

a ninbor of rubber products arc subjected to  varying lovels of 

boat, e ithor gonoratod as a result of c y c lic  mochanlcal stra in  

AS in the case of a running t iro  or In tho fozm of a high m bient 

toaporatura* Prolongod ozposuro to  heat cauaos thomo-^ozidatlvQ 

^gradation of rubber and results In  the deterioration of it s  

^s iTQ b lo  proportlosf eventtally leading to  premBtu3*Q failnro*

A fow recent rovlews^^*^^ have outlined iBost of the developments 

^  the studios on aging of rubber, Thermo-oxldatlvo aging of



rubber Is  bollovod to  occur In  two vays ^  ;  via naln chain

s o ls s iA  or crosslink scission. Voith^^, Tobolslty^^ ana

bavfl suggested that only ioBln chain scission occurs

during aging and a lator study by Dunn and Scanlan has

e m fliM d  th is  idea* But devolopxnonts in  the structural
2

tfsireoterisation of natural rubber vulcanizates have lad ^

Celelough and coworkors to  study the oxidotlvo aging of 

robber in  aoro d e ta il and thoy have reported the occurrence
29

e f erosslink scission during aging* HLackctan and McCall 

have reported the stru ctu ra l changes in  W. vulcanizates during 

tbesMl aging and th e ir  effect on fatigue l i f e .  One of the ^

•bjeetifes of the present study is  to  correlate the changes In 

tensile properties and te a r resistance of vulcanizates 

ta r log aging w ith the changes In th e ir  netvork structure Includ* 

inf the extent of main chain scission*

mcent years fracture of rubber has boon gaining a tte n - 

t i m  and various studies on fracture have been roported^^^^*

^liiaa theoretical studios are now being supplenented by a ic ro - 

Observations of the fracture surfacos^^^* I6 2»l6 h

electron microscope^ag the tool* I t  Is  w ell y

wakening of the rubber m atrix during aging 

Ita  fa ilu re  p rc^ertle s. Hence the second objective of 

^  to  study the effect of therao*oxldat Iveft?

^  ^  ftt^oturo Boda of rabbor using SEM, 4



Tbo paraoQters Incltidod In th is  sttidy !  ( l )  effoct 

o f  Tulcanlaslng syst<»n, (2 ) effoct of rolnfopcing oarboa Mack 

and (3 ) effoct of antloxiaant* Tbo foxtsulatioas of tha mlxaa 

are given in  Tablo I7«l*  Tho rheographs of tho mlzaa aro 

fhovn In Figures 17.1 and IV .2« Aging of the to n slle  and tear 

test specloens vas done at lOO^C upto a period of VS h r  In a 

Eloe M F.C 712 model a ir  oven. Samples vore vlthdrawn frwa 

the oven at d ifferent Intervals and th e ir  tensile  strength^ 

tear resistance and chemical characteristics determined. The 

shape of the tost speclinens ware already given In Chapter I I I  

(Figure The fracture surfaces verc ca re fu lly  cut froia

the fa llo d  test specimens as shown In  Figure

The changes in  ten sile  strength of the u n fille d  and f i l le d  

vtilcanizatos with respect to  the period of aging are glwen in 

FiS’ores IV,3 and reapectively* 3h the case of the im fllla d  

conventlcxial (Conv.) vulcanlzate, there Is  a pTrogresslve drop 

In tonsile  strength after 6 h r of aging, xiheroas the addition 

of 1 phr of phenyl-0-naphthylamlne (PHHA) to  the same mix causes 

the te n sile  strength to  increase upto a period of 12 hr and th m  

to drop. The rate of f a l l  in  tansU e strength is  almost Jifie 

same In both cases, although the absoluise values are alvays 

blgher fo r the vulcanizate containing the antioxidant. In the 

case o f the e ff ic ie n tly  vulcanl2 lng (S7) mix* the tensile  

strength Increases to  a maxlmiBa and then drops, although the 

extent and rate of decrease are much less pronounced than In 

tho Conv* vulcanizate-s. The effoct of antioxldant is  more or



X0SS sim ilar to  that In tho Caiv* vulcanl2ato, although tho 

actual dlfforenc© botveon tho absoluto valuaSf eatisoa by the 

prosonco of tho antiozidant is  different In tho tvo cases*

From Figure IV, 3 i t  appears that tho antloxldant is  almost 

tvico  as Qffoetivo in  tho Con^. system as in  tho VT system,

Tho incorporation of carbon black affocts tho aging behavior 

appreciablyj as is  c loa rly  shown in  Figure In a l l  tho

casos there occurs a drop In to nsilo  strength right from the 

beginning of aging. The docaroaso is  abrupt in  tho early  stagois 

of aging fo r the Conv. vulcanls^tes^ ^ i c h  slows dovn as tho 

aging progresses. The antioxidant protects tho vulcanizato 

In it ia lly ^  btxt the lo vo l of protection decreases as tho aging 

progrossos# Tho 3V system also shows tho saiao type of bohavior, 

Tho vulcanlzate iTithout antioxidant shows a f a ir ly  rapid roduc* 

tlon in tensile  strength, \rfilch leve ls  o ff as the aging is  

continued. As expected^ tho rotontlon of tonsilo  strength 

during aging is  nuch higher in  tho ^V than in tho Conv, vtilcanfw- 

« t Q s ,  Hoto also tho lo vo l of protoction obtained from the 

antloxldant is  moro pronounced during tho in i t ia l  periods of 

•eing.

Figure IV, 5 gives the chemical orossllnk density of th® 

^>i^llled vulcanizatosy plotted against tho porlod of aging. As 

expected, tlM Conv, system has a higher crosslink density and 

*Sing causes an in i t ia l  Incroaso in  i t s  crosslink density,

'^ ic h  decreases as the aging is  continued* Tho incroaso is  Jttich



jBoro proaonneody when antioxldant is  prosont In tho systonu 

It  is  also noted frcm Figaro 17.5 that tho drop In crosslink 

density takos placo only a fte r a longer period of aging, whan 

antioxidant is  present. Although the i n i t i a l  crosslink density 

of the I3V vulcaniaate is  lowor than that o f the Conv. vu lca n i- 

zato, i t  increases steadily during aging and at the end of the 

aging period its  crosslink density exceeds that of the Conv* 

vulcanizato. The presence of antioxidant In  the 3V vulcanlzate 

causes a higher le ve l of crosslink density throughout the aging 

period^ although the difference is  not as narked as In tho case 

of tho Conv* vulcanlzates* The changes in  the crosslink density 

of tho carbon h la c k -flU e d  vulcanizates diirlng aging are given 

in Figure IV .6 , The drop in crosslink density during aging 

starts at a period e a rlie r than that observed in the case of 

the u n fille d  vulcanizates* Here also the antioxldant helps In 

retaining the crosslink density at a higher le v e l throughout 

the aging period. In tho f i l le d  vulcanlzate the crosslink

density remains almost constant, although tho presence of anti* 

oxidant causes an increase*

A coinparativo study of Flgiires IV .3 and 17.W with Figures 

I7«5 and IV. 6 , shoi^ that changes In crosslink density alone 

cannot e 3 ^a ln  the f a l l  in  te n s ile  strength o f vulcanlzates. 

ISxcept In the Conv. vulcanlzate containing no antioxldant, in 

a l l  the cases tho crosslink density at tho end o f tho agl'ig 

period of h r is  o ith e r the same as or higher than the origlna] 

value* But there Is  a defin ite  decroaso In te n s ile  strength.



This is  ospoclally trua In tho easp of tho hlacfc-fiUod 

vuleanlzatos, Tha sol coatcnt of a v u lc a n l^ to , as deter* . 

nlnod In thoso studios^ Is  a direct measure of tho extent of 

aaln chain scission. Figures I7«7 and IV«8 are the plots of 

sol content as a functlc»3 of aging period In the case of the 

u n fille d  and f i l le d  vulcanizatos respectively. The Conv, 

TUlcanlzates undergo a higher le ve l of chain scission* The 

rate of chain scission Is  slov in i t ia l ly ,  but increases rapid ly 

a s  tho aging proceedSf thereby indicating the autocatalytlc

nature of tho scission raaction* the presence of the a n tlo x l- 

dant halps in  ainim lzing chain scission during the early periods 

of aging, but it s  a c t iv ity  Is  reduced as the aging Is  continued* 

The vulcanizates shov almost a lin e a r Increase in  chain 

scission, but the absolute values of sol contcmt are lower than 

the Conv* vulcanizates* The effect of antioxidant Is  not signi­

ficant in  th is  system* With the addition of H^F carbon black 

there is  almost a five^fold  increase in  main chain scission*

The Conv* vulcanlzate shows a lin e a r increase in  sol content 

righ t from the beginning* I t  may be noted hero that the in it ia l  

sol content of these vulcanizates are much higher than those 

in  the u n fille d  ones* Bence i t  can be assumed that the radicals 

^pa b le  of catalyzing the scission reactlc^ are already present 

l a  the vulcanlzsto in  sufficient quantity io  that there I s  a 

^ ^ a d y  increaso in  the mqI content r ig h t from the beginning of 

Bat here again antloxldant I s  fom d to  reduce the rata 

W  chain scission during the in i t ia l  periods of aging. The



f i l le d  3V vulcanizatas shov a much lowor rata o f chain scission 

tliroughout the aging porlod. I t  Is  also fom d fpom Figaro 17*8 

that the effect of antloxldant is  not significant In the SV 

V oloan Ixat o s«
9

From the above results i t  is  clear that tho f a l l  In te n s ile ^  

strength of tho rubber vulcanlzates during aging Is mainly duo 

to  main chain scission* Tho effect of changes in  crosslink 

donslty is  only aarginal.

Moduliis at 300/« elongation can be considered an index 

of crosslink density of vulcanlaates* Thorofore* changes in  ^

crosslink density of vulcanixates during aging is  reflected 

nore In th o ir modulus values than in  any other property.

Figures IV*9 and IV .IO  are tho p lots of modulus agAlnst aging 

period in  the case of the u n fille d  and f i l le d  vxilcanizates 

rospoctively. The Conv« vulcanlzates show broad maxima and ^

th o ir crosslink density values also show a sim ilar ^rend* The 

^7 vulcanlzates show a contlnuotis increase In  modulusy which 

is  supported by the changes in  th e ir  crosslink density, Tho 

Increase In modulus on aging is  observed in tho blaok-*flUed 

vulcanlzates also# Ih tho Conv* vuloanl2atO;"> 300^* modulus ^

valtios cduld not be obtained as i t s  eloagation at break was 

below 3 0 (^ , beyond tho 6 h r  aging period* But with the addition 

ot antiooEidant modulus curve shows a maximum and then drops*

A comparison of Figures 17*9 and 17*10 shows that tho porcentago ^ 

increase In modulus during aging is  more in  the u n fille d  v u lc a n i-



Mtos* Frcn Figures 17*5 and 17.6 i t  la also soon that the 

lacxQaao In  crosslink donslty Is  moro pronoimcQd In  tho m flU o d  

Tulcanl2ato8y thereby- confirming the idea that the Increase In 

Bodulus during the early periods of aging is  due to  the Increase 

In the crosslink density* The incroase in  crosslink density 

during aging is  contributed by both oxidative crosslinklng^^*^^^ 

and by the postcurlng reactions* The large increase in  cross­

lin k  density in the ease of the Conv* vulcanlzates can be 

ascribed to • ( l )  the presence of a la rg e r amount of free 

sulfur* irtilch results In  postcurlng and which is  evident f r m  

the Increase in  the value of coaablned s u lfu r, L^o J  ̂ as shovn 

In Table IV,2 and (2) the maturation of p o lysu lfld ic  linkages 

\rfilch causes the formation of more number of crosslinks v lth  

a lower sulfur rank, \Ailch is  evident frco  the changes In the 

percentage of the p o lysu lfld ic  crosslinks and su lfld ^  sulfur 

during aging, as shovn in  Table 17,2* The decrease In  modulus 

during the la t te r  part of the aging period is  due to  the general 

weakening of the m atrix resulting from eztensivo chain scission*

^ongation at break teB) is  a more sensitive measure of 

the extent of aging as seen from Figures IV#11 and 17*12* 

figure 17*11, ^ e r o  elongation at break of the u n fille d  vu lca n l- 

zates are plotted as a function of the aging period, shovs a 

steady decrease in  v lth  aging* Only the ^7 vuleanlzate 

coQtaining the antioxidant shovs a certain  le v e l o f retent lea 

of 2B, but here also the drops as the aging is  continued*



suporlor aging rcslstanco of the SV vulcanizatog and tho 

prooouncQd offoet of antlozidant in  tho Coav* vtileanlzatos 

•r« also avidont from Fignro I7 .11 . The drop in  elongation on 

aging Is  causod zoalnly by tho voakonlng of the m atrix as a result 

of the chain scission. The crosslink maturation roactlonsy vhleh 

result In tho conversion of tho fle x ib le  p o lysu lfld lc  linkages ^  

into tho less fle x ib le  dl* and monosulfldic linkages also night 

bo contributing towards tbe dooreaso In elongation. The black* 

f i l le d  vulcanlzates show a more drastic reduction In 13B during 

the ea rly  periods of aging (Figure 17.12), iidilch levels o ff as 

tho aging Is  continued. The better aging resistance of the more ^ 

stable network of the KV vulcanlzates and the effect of a n t i- 

oxidant on aging are evident from th is  figure a lso.

The changes In te a r resistance during aging^ are more or 

less s in ila r  to those in  te n sile  strengths Figure IV.13 is  a 

plot of tho tear resistance of the u n fille d  vulcanlzates against ^  

*giflg period. The Coav. vulcanlzate shovs a steady decrease in 

tear resistance, although the rate of decrease Is  not as high as 

ia the case of te n sile  strength. Tho antioxidant helps In retard­

ing the f a l l  in  tear resistanco during aging. The BV vulcanlzates 

•o not show any change In tear resistance throughout tha aging  ̂

P«rlod. Hero tho effect of antloxldant Is  not s ig n ific a n t. In  

the ease of the b la o k -fllle d  vulcanlzates t l » r e  is  a drestic 

^crease in  tea r resistance during the e a rly  periods o f aging 

^ ^ u r e  17.14-), tho change being more pronomced in  the Conv.

i



so

vulcanizatq. Tho TSto of f a l l  in  toar raslstanee Is  fomd to 

doeroase as tho aging is  coatlnuad. Tbo w leaniza te  containing 

antloxldant shows a higher rotontion of toar roslstanco through­

out the aging poriod* It  appears th a t, during aging, toar 

rosistanco is  affoctod laostly by chain scisa lo i than bjr changos 

In crosslink density,

Fred tho abovo discussion I t  Is  d e a r  th a t, during aging, 

degradation of rubbor results from two typos of roactionsj 

chain scission and crosslink sclsslcHi, Tho in i t ia l  Incroaso In 

tonsilo strength nodulus and tear resistance la caused by an 

Increase In crosslink density ^Aiereas as the aging proceeds, 

tho effect of chain scission overshadows tho effect of 

an Increased crosslink density. Ilorooror, the crosslink density 

also fa lls  when the aging Is contlnuod fo r a longer period. 

Antloxldant helps in retarding both crosslink scission and chain 

scission. Carbon black causes an incroase in the rate of chain 

scission and crosslink scission. Th is  Is  In  a^reenent with tho 

observations of Winn and coworkers vrtio found that carbon black 

accelerates the oxygen intake of sulfur-cured rubbor and that 

the reaction Is  accompanied by a rapid degradation of the polymer, 

^hese investigators have shown that the rate of oxidation of 

carbon black-loaded vulcanlzates is  d ire c tly  proportional to  

the amount of earboa surface. Several possible laeehanlsnis fo r 

the pro**oxidant behavior of carbon black in  rubber have been 

Proposed^^*^. Tho eaq?lanation by Shelton and Wlckhaia^^ which



Involves surfacQ catalysis of tho react ion botvoen tho rubbor 

and ozygen by carbon black seams to  be the moat probable one*

In tho present study I t  Is  also observed that tho effect of 

carbon black Is  siore pronomcod in  tho Conv. vulcanixates.

Hence i t  is  bolievod that the catalysis of oxidation o f rubber 

by carbon black involves tho p o lysu lfid ic  linkages and c y c lic  

sulfides in  the network^ vhose concentration is  much higher in 

the Conv. vulcanizatas than in  the BV* The decrease in  the 

rate of f a l l  of tensile  strongthy elongation and tea r resistance 

and crosslink density of tho black«-fiUed vulcanizates as tho 

aging is  continued, is  probably duo to  the decreaso in  the rate 

of penetration of oxygon into tho inner layers of the v u lc a n i- 

zates. Because of the higher rate of cocygen uptake of black* 

f il le d  vulcanizates, penetration of oxygen to  the inner layers 

w il l  bo slower in them* This causes the presence of a f a i r ly  

undegradod inner layer of rubber in the vulcanlzato* During 

tho tensile  aid tear tests most of the applied load is  carried T

by th is  undegraded laye r, As the size of th is  layer of rubbor 

is  reduced only slowly, there occurs a docroase in  the rate of 

f a l l  of these properties during tha la tte r  part of the aging 

period, Tl»> SSM studies reported la te r  in  th is  part support ^

idea* In the case of the u n fille d  vulcanizates, the rate 

^  oxygon uptake is  much slower and hence tho rate of ponetra*

^loa of oxygen to  tho inner layers Is  not hindered as in  the 

ease of the b la c k »fllle d  vulcanizates. Hence chances fo r tho ^



p r«9«ne« of an uadegradod Innor layor are leas and thoreforo 

during aging no deoreaso in  tha rato of f a l l  In properties 

observed*

m  a T O E s

In  the present study t2ie main objective la  to find out 

the effect of the weaUonlag of the matrix re su lting  from 

oxidative degradation^ on the fracture surface topography.

Both tensile  and tea r fracture surfaces of the various vu lca n l- 

sates both before and a fte r aging fo r 36 h r have been examined, 

because the Inherent differences In the aging resistance of the 

various vulcanlzates are reflected more a fte r the ^6 h r period 

,aa seen from Flgxires IV*3 to  IV*lW. The various photoolcro-

graphs are shown In Figures IV ,l5  to  17.VO*

Ton a H e _f^_ct ure I  Figures IV, l5  and 17*16 are the photo­

micrographs of the fracture surfaces of the u n fille d  Coav, 

vulcanlzate. The surface shows a rough zone (Figure T7,l5^ 

followed by a comparatively smooth region (Figure T7, l 6)* The 

other m f lU e d  vulcanlzates used in  th is  study also show more 

Or loss the saino surface ch ara cteristics, The presence of 

aatlozldant o r  the change In the vulcanising system do not 

cause any notable change in  the mode o f fractusre as soon In SEM* 

Although the application of te n sile  force is  considered to  be 

'aaifora throughotife' the test speclaen the occurrence of natural



fla vs and odgo nicks In tho tGnsHo tost spocliaon, ^ I c h  ar® 

qulto unavoidable, causoa stress concontratlon in certain 

localized ai^as. Failure starts at those points, vhoro the 

actual stress oxporlonced Is  much higher than that In the 

bulk o f tho specimen. Btjcauso of tho high stress-ruptupo and 

the complox stress (distribution around tho natural fla vs , the 

fracturo surface bocomo rough at the point of In it ia tio n . Gent 

and Llndloy^^^ suggestod that tho high stress realized near the 

flaws would bo adequate enough to produco cavitation In a rubber 

of conventional modulus and that th is  nay be the cause of tho 

-roughness developed around tho t ip .  Once the fa ilu re  starts, 

i t  proceeds as a catastrophic toar giving rise  to a comparatively 

snooth surface with a number of tear lin e s . Tho tensile 

fractographs of the un fille d  vulcanizates after aging are shown 

In Figuros r/.l7 to  17.20. Tho low tensllo  strength of tho 

CoQv, un fille d  vulcanlzate a fte r aging Is reflected in its  

fracturo si^rfaco (Figure 17.17), Thero is  no rough zone. But ^ 

tho Conv. vulcanlzato containing antloxldant, as Is  evident 

from its  fractograph (Figure IV .1 3 ), shows a rough zone although 

the slzo of th is  zone appears to bo loss than that of the 

o rig in a l vulcanlzato. Tho fracturo surface of tho u n fille d  ?5V
r

vulcanlzato (Figure 17.19) shows a few tear lin o s , but no rough 

zono, although Its  tensllo  strength after aging Is almost tho 

Sana as that of tho o rig in a l samplo. Th is  behavior appears 

^oxpoctod. However tho unfH lod '^7 vulcanlzato containing PBNA,^ 

^fte r aging, shows on its  fracturo snrfaco a rough zono foUowod



by a numbor of tea r linos (Figtiro IV*20) and Its  tonsllo  

strength also la  high*

The addition of carbon black makoa the matrix s tlf fo r .

In natural rubbor, though tho tonsllo  strangth Is  not Improved 

s ig n ifica n tly  by carbon black, tha mode of stress dlstrlbutlw x 

during tonsilo  tostlng Is  dlfforont from that In tho tm flUod 

vulcanlsatos. Honco tho fracturo surface shows a much different 

pattarn. Figure I7 ,2 l is  tho photograph of tho tons Ho 

fracturo surface of tho b la c k -flllo d  Conv. vulcanlzato. Tho 

whole surface appears rough with a large nunber o f curved tear 

lin e s , Tho regions of high strength, resulting from strong 

polym er»fH lor Interaction, prevent ■ tho fracturo from proceod- 

ing stra igh t. The addition of antloxldant does not cause any 

notable change in tho fracture surface, Ho\«jver, the fracturo 

surface of the b la c k -fille d  TTUlcanlzate (Figure 17.22) is  

s lij'h t ly  different from that of tho Conv* vulcanizate. The 

surface is  generally rough as In tho caso of tho Conv. vrilcanl- 

zate, but i t  shows a prominent tear path* Ilopa also add It  lax 

of antiozldant does not cause any appreciable difference in the 

surface characteristics. Figures r/,2^ to  IV*26 are tha SI5M 

photographs of the tonsile  fracturo surfacos of tho b la ck -fille d  

vulconlzatos, which underwent aging fo r 36 hr* The Conv* black­

f il le d  vulcanizate shows a much smoother surface giving; a tear 

path with secondary tear lines near tho contro o f  the spocimen* 

It  may be noted that in  th is  specimen, only tho innermost layer 

is  not affected much by aging and hence th is  region, which is



eoBparat iT o ly  stronger, gives r is e  to  a s lig h t ly  rough surface*

The major portloa of tho spocliaeny however. Is  veak and hence 

gives rise  to a smooth surface* The presoncsb of antloxi6ant 

helps In retarding oxidative degradation and hence the Conv, 

vulcanlsate containing PBNA shows a s lig h t ly  more rough surface. 

(Figure I7#2i+)* The 'SV vulcanlzate containing carbon black 

shows a higher le ve l of retention of tonsilo  strength during 

agi*'ig» though the absolute valua Is  lo ve r. The fracture surface 

Is rough (Figure IV .2 5 ), although not as rough as that of the 

sanio v’alcanlzate before aging* Hero the effect of antioxidant 

Is not notable as Is  evident from the S3M fractograph o f the 

blaclc-fllled -^^ulcanizate containing PB?W (Figure IV*26^*

Tear fracture : The dependence of tear fracture topography

on tha degree of aging and hence on the strength of the matrix 

Is not very clear. I t  is  d if f ic u lt  to correlate the tear 

strength of the vulcanlzate with its  fracture siorface topography*

Howovsr, i t  is  believed that the oechanism of fracture propaga^ 
tlon is  ai^focted by the strength of the rsatri::: and hence the

extent of aging w i l l  be reflected more in  the mode of propagation

of tear than in thg other surface characteristics. Figures IV*27f

to  IV*Ho are the S3M photographs of the tear fracture surfaces

of tha various vulcanUeates before and a fte r aging. ?ho fra c to -

graph of tho o rig in a l u n fille d  Conv. vulcanlzate (Figure 17*27)

shows a main tear path with secondary tear lin e s . The main te a r ^

f



path Is tho rogioa of the hlghast stross eoncontratlon,

FlguM  IV*23 shows a magnlflod imago of the toar path* Tho 

addition of antioxidant does not causo any approciablo chango 

la  taar fracturo topography* Howovar, \rfion tho ■vulcanising 

flystan is  changcd to 37^ tha fracturo surfaco also shovs soma 

diffaroncQ* Tha SEM photograph of the toar fracture surface 

of tho unfiU od 3V vulcanizato (Figure 17,29) does not show 

any largo tear path« Insteady i t  shows a large numbor of 

thinner toar lin o s , showing thereby tho d ifferent nature of 

stress d istrib u tio n  in  th is  vulcanizato. Here also the presonco 

of antioxidant does not have any s i^ if lc a n t  effect on tho 

fracturo surfaco chara cteristics. 7ho toar fractograph of the 

uttfiUod Conv, vulcanizato a fte r aging is  shown in  Figuro 17,30* 

The size of tho main tear path is  le ss , but the number of secon­

dary tear lin os is  more, A magnified iinago of a portion of 

the toar path (Figure 17,31) shows that tho toar proceeds In a 

stick^slip  manner. Tho Conv, vulcanizato w ith antioxidant, shows 

a bettor rotontion of toar strength and it s  fracturo surface 

3hows aoro numbor of tear paths (Figure 17,3^), Tho unfilled  

EV vulcanizato shows a s lig h t iaprovoment in tear resistance 

during aging and its  tear fracture surface, as shown in Figure

33, has boccmo more o r less sim ilar to that of the o rig in a l 

. Coav, vulcanizato. However, the secondary tea r lines are less 

^  number* The 37 vulcanizato containing PBHA  ̂ afto r aging, 

elves rise to  a sticfcyslip type to a r as shown in  Figuro 17,3^.

The secondary toar lin e s  which Join the laaln tea r path are very 

g fooblo.



Tha addltloQ of rolnforcing carboa black causos thg 

fornffltlon of a largo number of small curvod tear linos as shown 

In Figure IV.35, which Is tho SSM toar fractograph of tho black- 

f lU o d  Conv. vulcanlzata. On a closer oxaalnatlon, the surface 

was found to havo a layered structure (Figure with the

layers aligned In the direction of te a r. Addition of antloxl^ 

dant or changing the vulcanization systi?ia to ^7 do not cause 

any change in those surface characteristics. But upon aging, 

tho strength of the b la c k -fille d  Conv, vulcanlzato decreases 

epproclably and th is  decrease Is reflected In th e ir  fracture 

surface topography. The Conv* vulcanlzato containing Ao a n t l- 

oxldant gives ris e  to  a smooth fracture surface as shown In 

Figure r7 .^7 , whereas the one containing PBTTA shovs a few tear 

linos (Figure IV*38) and a s lig h t ly  higher tear resistance. The 

b la c k -fille d  3V violcanlzates show better retention of tear 

resistance during aging and th o lr  fracture surfaces (Figures 

17,39 and I V , ^ )  are also more or less slrallar to tho o rig in a l 

toar fracture surfaco*
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f. l5 : TansUo f r a c tu r o  
Aflfigf u n f l l l o d  Conv. 

fotk^h tono.

20C
FIG. IV. 16 I T e n s i l e  f r a c t u r e  
b e fo re  a g in g ,  i i n f l l l o d  Conv. mix*, 
g e n e r a l  s u r f a c e .
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f r a c t u r e  a f t e r  

C0 Conv. m lx\  smooth



■W TI9 T  Tons i lo  f ra c tu rG  
L^r ig ingy u n f i l l o d  EV mix^ 

\ l n o i  on tho  s u r fa c o .

• Tens He fracture 
.1®? ®e^e> b l a o k - f i l l o d  Conv. 

-rough su r faca  w ith  curved 
•linos.

a m

FIG, IV. 20 : Tensl lQ  f rac t t i r e '  
a f t e r  ag ing ,  u n f i l l e d  EV mix with 
PBNA5 rough s u r f a c e .

^JOO



: Tonsllo f r a c t r jG  
!• ®gtng, b la c k - f i l lG d  Conv. 
tfiftr p a th  a t  the  CGntro*

200}^

2  I T en s i le  f r a c t u r e
"  figing, b l a c k - f i l l e d  3V 

g e n e r a l  s u r f a c e .

FIG. IV,2l+ ; T e n s i le  f r a c t u r e  
a f t e r  ag ing ,  b l a c k - f i l l e d  Conv. 
mix w ith  PBNA*, g o n e ra l  s u r f a c e .

200



j* ' lV«^7 : Toar f r a c t u r o  boforo 
u n f l l lo d  Conv. mix; t e a r  

& t h J n d  fiocondary t e a r  l inos*

I Tsar fractiaTG before 
7 f t  ^ i f l l l e d  EV mix*, t e a r  l i n o s  
W  surfacG. ’

50j<̂

FIG, IV.28 ; Tear  f r a c t u r o  boforo 
ag in g ,  u n f l l l o d  Conv, mlxj t e a r  
p a th  m agn if iod .

200 P-
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'T\—: '

I Toar f r a c t i i r c  a f t e r  
unf i l lQ d  Conv. n i x ;

L-fillp t  oar .

FIG. IV. *̂ 2 • Tear  f r a c t u r o  a f t e r  
ag ing ,  u n f i l l e d  Conv. mix with 
PBNA5 g en e ra l  s u r f a c e .

\ 'f ' "

200 J> ~:jo q

IV.33 I Tear f r a c t u r e  a f t e r  
u n f i l l o d  BV mixj t e a r



FIG. IV,*̂ 6 • T^ar f r a c tu r e  before 
a?:ing, b l a c k - f i l lG d  Conv. mix, 
la ' /orcd s tm c tu ro *

200/^

I T e a r  f r a c t u r -3 a f t e :  
f» biacIc-fiUGd Conv. mix; 
Jfft surfacG.



I Tgut rra c t’.;r-3 aft.3r 
^ U f i  Wae’-:-tM,ii3a -li-'-l 
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FIG. IV.^0 I Toar f r a c t u r e  a f t e r  
arijif-, b l a c l i - f i l l e d  117 mix with 
PBITA*, co.aora 1 sUTfac ?.



pjia B. scjiriNnc :3lbctr(X7 microscopic s t o d e s
OT 020ns CnACKlUG OP RXIBB-R

This part has boon coommiostod to ̂ ooxnal of 
Polyxoor Sclaaco (PolTaor Zottors Sdltioa)^



Pro tection  of unsaturatod rubbors against ozono a ttack

Is achiovod by using \rQzzQSj f lo x ib lo  coatings'^ and chonlcal

an tio2onants . ?ho f i r s t  t w  provido a physical b a rria r

against ozono, ’.^hilo chonical antiozonants ra ise  tho c r i t i c a l

strain* Tho physical antiozonants are  not su ltab lo  fo r  dynamic

applications and chonlcal antlozonants arc hlfrhly sta in ing  and
52 5%3ro llk o ly  to  bo lo s t  diiring processing and sorvico  ̂ •

Slondlng with ozono inort rubbers such as ^PR has boon roportod

■to bo o ffoc tivo  in Inprovlng tho ozono roslstanco  of natiira l 
cv,

rubber • In th is  part studies on th e  ozono resis tan ce  o f ;IR 

2nd ?3K/3PDM blends and on tho naturo o f ozone cracking observed 
Ifl such rubbers are reported, Tho form ulations o f  the  nixes arc 
given in Table and the physical p roperties  In Table



Tho a lx  D* of tho sano fo ro u la tlo i as th a t o f B, ba t the 

alxlng of thG IngrcdlGnts o thor than acco lara to r and s u lfu r  

vas clono soparataly* Tho nastorbatchos A-raro thon blended in 

tha doslrod proportion and tlion the alxlng iiQs complotovl ly  

adding acco lora tor and sulfur* Tho rlioographa of thg tfixos

C, D and D’ aro givon In Flguro 17,^1 and thoso o f A and 3 

voro already glvon In Flguros IV*1 and IV,2,

Ozono ronlatanco of tho aamplos has boon raoasurod in

of tho c r i t i c a l  s tro s s -s tra ln  paranotors by tho oothod

by WUchlnsI<7 and Kros^ro^^^ .̂ Tho c r i t i c a l  s tro s s ^ s tra ln  para-

notors of tho d lffo ron t vu lcanisatos aro glvon In Tablo I7 ,f ,

Aa tho o la s tic  rsodtilus Of tho viilcanlzatos Is d lffo ro n t, tho

c r i t i c a l  storod o la s t ic  onorgy donsity (ŵ )̂ i s  the  bost crlttfr^<^

for ozono rasistancc* From Tablo IV*5 i t  i s  soon th a t w ofc
tho unflllod  :IT/̂ PDM blond is  three tlnos hinhor than th a t  of 

tho unflllod  :Gi vu lcanizato . Carbon black inprovos tho oza".# 

raslstGnco both In ;SC and 'IR/'UPDM vulcanlzatos* I t Is  a lso  

obsorvod th a t vi'an tho black is  Incorporated soparatcly  Into 

th^ rubboirs li:c<j In Wlr B 'j th<? ozono ro sls tanco  irsprovas 

romarkably, /̂hon block is  added to  a bland o f polyaors, i t  
looro in to  tho polymor vjhich i s  having a highor a f f in i ty  fo r  

blaek^^* P̂DM is  having lo ss  a f f in i ty  fo r  carbon black wlt^ 
rospoct to  natxiral rubber and honco tho ^PDM phaso In the 

blond remains lo ss  roinforced* This roducos tho capacity  of 
BPDM rubber to  provant tho propagation of crack. This o x p lf  ifl 
tho lower ozono roslstanco  o f mix B ccaaparod to  n ix  D*.



fho  STM photomicrographs o f thg crackod spocimens ara 

sbovn In Figures IV,W2 to  Tho spoclnons fo r  tho S3M

observations voro taken froa  tho lower nost portion  of tho 

taporod to s t  p ieco . Figures IV.V2 and IV.V3 are the  S -̂f photo­

micrographs of tho u n filled  and -JT/̂ PDM blond respect Ively,

As the gpecl^.ens îjore no longer under s t r a in ,  tho  cracks vere 

not open vh lle  being observed In Ŝ M and tho ho rizon ta l lin e s  
repres-^nt the cracks. Tho fig u res show th a t tho cracking 

pattern is  almost tho sarre fo r  both HR and NF/T3PDM blend. However 

tho b lack -filled  viHcanlaatos show d ifferen ces  in the cracking 

behavior. In tho caso of MT, the f i l l e d  vulcanlzate:^ shows shor- 

to r cracks than the u n filled  ono. Figures I V . a n d  are

the 3i32̂  photomicrographs of tho b lack -fH lod  NR, Figuro 

shows th a t the cracks propagate s tra ig h t without much deviation . 

Figures and 17.^7 are th e  photonicrographs o f the

b lack -filled  '1R/3PDM blend. Compared to  the b lac k -fille d  TIT 

vulcanlzate, here tho crack density  is  l e s s ,  but the cracks are 

loncor. Tho cracks do not propagate s tra ig h t as seen in 

Flfjure Tho ozona re s is ta n t F̂DM zonia in the  blend

pravint tho cracks from procoedl.-ig s tr a ig h t .  A s ln l la r  erplana- 

tion  had been put forward by Andrews in  tho case of IIR/^PR 

blonds. Figures IV.^8 and IV.W9 aro the  photomicrographs of 
vulcanisates from Mix In which carbon black ■ijas separatoly 

mixed with the  Indlvldiial polymers beforo blonding. Althogh the 
ozone re s is tan ce  o f th i s  blend was much b e tto r  than th a t  of 

Mix D| tho drack density  reiaalns almost tho sano* Howevorj th e  

cracks are sh o rte r . Crack dev iation  is  observed In th is  case 

a lso .
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. iv>2 : Ozone cracks In 
lllod  NR.

FIG. IV.^-3 I Ozone cracks in  
u n f i l lG d  NR/BPDM b lo n d .

-------- - 400

* Ozone cracks in ’«k>fuied NR. FIG. ; s tra ig h t cracks In
b lack -fillo d  NR.



< ^0 0  F-

iV,U6 : O-cno cracks in 
*>1111 blond.

50

pG, r/,1+3 • ozono c rac k s  in 
lack-fii iG d  :E/3PDM blond

FIG. IV.U7 I Crack d e v ia t io n  in 
b l a c k - f i l l e d  NR/3PDM blond. .

FIG. IV.^9 J Crack d e v ia t io n  in  
b la c k - f i l lG d  NR/13PDM blend 
(Mix D *).



PAFT A. cH^4iCAL a:id scArnno microscopic
STUDnS ON PATlGUa TAlUm OF NATTIRAt 
rtUBB-Jl VDLCA.7I2AT!5S.

p'ii.T 3. GCAirirra ijlxthon hict.oscopic studies on
7î :xrJG a:id rr:rjsio:j fatigue failtt"; of r.uB3T[i



fiBX A# CS3M2CAL AHD SCASRIHQ 3I.3CTR0N MICROSCOPIC STDDISS 
OS PATIGtJB FAILIM3 OF HATCEAI. BTJBETK V0LCAUIZAT3S

This part has boon pobll^od in Ktibbtr Cboaistxy 
and TtehnoXog^f 22* 51 (1982),



I^tigUQ l3 an laportan t fa c to r  causing fa ilu ro  of 

rubbor vulcanlsatos* I t  i s  doflnod as tho docay caused 

by cyclic  doi’ormat Ions a t an anplltudo lo ss  than th a t Is 

n o c G s s a r y  fo r  frac tu ro  in one cyclo • Tho doforoatlon 

G?n bo caused by tonsion , conTDrosslon^ floxlng or shoar. 

Various te s t in g  methods have boon dovolopod to  rletorolne 

tho ro sls tanco  of rubbor vulcanlzatos to  fa tlguo  occurring 

under d iffe re n t types of deformation, A number of studios 

have boea made by d iffe re n t authors to  explain th e  zaechanlsm 

of fa tig u e  fa i lu re  of rubbers^^^^  and to  co rre la te  tho



fa tig u e  roslstanco  with tho chomlcal and physical charac- 

to r l s t i c s  of tho vulcanizatos^^’^^^*^^®. I t  i s  a lso  Vsiava 

th a t noti^ork changes In rubber saoplos taken fwMn fa ilu re

surfaces cannot alvays explain fa ilu re  behavior o f rubber

vulcanlzates^^*^^# Hence in  th is  part re s u l ts  of stud ies

and studios on tho changes in network s tru c tu re  of n a tu ra l

rubbgr vulcanlzatos ^Alch have undorgono fa tig u e  fa ilu re  in

a Do ISattla flex in g  aachlno are reported . Tho following

paranoters have been included in th is  study I (a) e ffe c t of

milcanizing systom, (b) e ffe c t of f i l le r :!  ̂  (c) e ffe c t of

an tiox idan t, (d) e ffe c t of t e s t  tomperature*

The forcrulations of th e  n i ^ s  arc given in Table V*l,

Tho rhoographs o f nixes A to  D have already  boon given in 

Chaptor 17 (fig u res  17.1 and r/*2) and those o f mixes 13 and 

P aro given in  Flguro V.l* Physical p ro p ertie s  of tho nixes 

are given in  Table V,2, Tho shape of the t e s t  speclnen and 

tho portion from -\rfi?3ro tho frac tu re  surfaco has been taken 

fo r  ST3M observations are  shown in Figure V.2A,

R esults o f Do Ife ttia  fa tig u e  t e s t s  are  shown in 

Figure V*2B. The re s u l ts  can be summarized as follow s,

(a) The Conv* system gives more f le x  res is tan ce  than system.



(b) Addltloa of ro lnforclng  carbon black roducos f lo x  

resistance*

(c) Addition of antloxldant onhancos f lo x  res ls tan co ,

(d) Incroaso of ta s tin g  tomporaturo to  100®C Incroasos f lex  

re s is ta n c e . This Increase Is  only an apparent one as i t  
Is  mainly duo to  the Increased sot and the consequent 

reduction In s tra in  In th e  grooves as observed by Cox and 
Parks^^® .

Table V*3 summarizes the re su lts  of chemical charac- 

ta r lza tlo n *  Mix A has a s lig h tly  higher c ro ss lin k  density  

and, as expected, re g is te rs  a higher proportion of poXysulfldl< 

c rosslinks than Mix B* Addition of HAF black s l ig h t ly  decrease 

the c ro sslin k  density . Addition o f an tiox idan t does not have 

any considerable e ffe c t on the  t o t a l  c ro sslin k  density  and 

p o ly su lfld ic  crosslinks# These observations are  tru e  in  both 

the o rig in a l samples and those fa tig u e -te s te d  a t roaa temperati

Fran th e  values o f , T3 and F i t  Is  found th a t

there  are  only marginal changes in the network s tru c tu re  due 

to  flex ing  a t room tem perature. But a t  100°C, th e  mixes w ith

the  Conv. system show s ig n if ic a n t changes In th e  network s tru c ­

tu re . The h igher [ Sc] and 3 values of the gun and black­

f i l l e d  Conv. mixes Indicate extensive main chain m odifications. 

The higher F values of these mixes a f te r  te s t in g  in d ica te



k  1 ii t t / x

■ ; |

■*"'^yo5s iln k  ^aa tru c tlo n  reac tio n s . Hcwover, tho fac t th a t tho 
to ta l  chemical c ro ss lin k  donsity  remains aliaost coastan t, 

Indlcatos tlia t now c ro sslin k s wore foinod as a re su lt  of p o st-  
coring* But tha mlxas containing antlox ldant show a s ig n i f i ­

c a n t  Incroasa In t o t a l  choialcal c ro sslin k  donsity  owing to  

postcuring and mlnijaum cro sslin k  destruction  rooction as i s  

Qvldont frota tho  constant value o f F. Main chain n o d iflca - 

tlo n s are a lso  n ln ln lzod  by tho prosGnco of the an tlox ldan t. 

Those changes In tho network s tru c tu re  are n o stly  tho e ffe c t 

of temporaturo and not duo to  f lex in g .

From the? foregoing discussion i t  Is  seon th a t tho d i f f e r -  

once In tho re s is ta n c e  to  fa tlgug  fa ilu re  o f d lffo ron t mixes 

cannot be orplalned from chemical ch arac te riza tio n  alono, 
r^ofjults o f tho obsorvations are  suianarlzod bolow*

Figures V,3 and 7 .^  show the photomicrographs of tho 

Conv, and gum vulcanlzatos resp ec tiv e ly . D uctile  fa ilu re  

with dlmplos re su ltin g  in  higher f le x  res is tan ce  Is evident 
In the case of those gum mixes. The mix w ith Conv. system 

shows smallor dim ples. Photomicrographs o f samples from the  

b lac k -fille d  Conv* mix are given In Figures V*5 and 7*6 and 

th a t of tho av mix In Figure y*7. Addition of HAF black makes 

the mixes more b r i t t l e  and th is  changes th e  fa i lu re  mode to  

shear fra c tu re  In both tho  systems. Cracks on tho surface are 

evident and th e re  occurs a d ra s tic  drop In f le x  resistance*



Rubbor b a llin g  is  obsorvod In thaso samplos, which has boon 

roportod o a r l lo r  by Do and coworkors^^^. But a t 100®C flow 

of tho inatrljc is  noTo pradomlnant as may be soon In figuroa

V.8  and V.9 which aro tho photoaalcrographs of tho black-

flU od  Conv, and T / nlxos rospoctivoly , Mor£?ovor, thoro aro

fawor cracks which aro th lnnor than thoso occurrod a t room 

tGEiporatuTG. Rubbor ba llin g  la  not obsorvod in  tho Conv# 

mix and only a s lig h t amount i s  soon In tho nix* Tho T5V 

n ix , which glvos poor flo x  ro sls tanco , shows la rg e r  numbor 

of cracks and la s s  flow.

Addition of antio :ddant changos tho frac tu ro  mode* 

Figures V.IO and V ,ll  show th e  e ffe c t o f antloxldant on tho 

nature of fra c tu re  In th e  case of tlio b lack -flllcd  Conv. and 

UV mixes respec tive ly . Figures 7.12 and 7.13 show the  e ffec t 

a t 100°C in the  case of the  Conv, mix and Figure 7.1^ that 

In the  case o f the '37 mix. Tho photoaicrographs show th a t ,

v/ith add ition  of an tio x id an t, tho b r i t t l e  f a i lu re  nature of 

the f i l l e d  vulcanlzates changes to  quasi-duct l i e 5 the re su lt 

i s  higher f le x  re s is tan ce . A few cracks wore v is ib le  near

tho edge o f the samples. I t  Is  l ik e ly  th a t the antioxidant 

re a c ts  chemically w ith the free  red lca ls  forraod, and th is

nakos tho iia tr lx  re s is ta n t  to  fa tig u e  fa i lu re  and honco causes 

a t ra n s it io n  from b r i t t l e  to  q u asi-ductlle  fa i lu re .
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T l S
i / V , ' ^  I  F I q x  f a t i g U G  f a i l u r e  
. t i f t f l i l o d  C o n v .  n i i : : ;  d u c t i l o  

I t l u x o  w i t h  s m a l l  d i m p l o s .

'■w ■“

» f W #

n S ^

F I G .  V . W  I F I g x  f a t i g U G  f a i l u r e  
o f  u n f i l l e d  3 V  mi x* ,  d u c t i l e  
f a i l u r e  w i t h  l a r g e r  d i m p l e s .

. • :s»»
‘ • y

5 .". F l e x  f a t i g u e  f a i l u r e  
g l a c k - f i i i o a  C o n v .  m i x j  
g e  f r a c t u r e .

F I G .  V . 6  :  F l e x  f a t i g u e  f a i l u r e  
o f  b l a c k - f i l l e d  C o n v .  mix*,  
r u b b e r  b a l l i n g .



V*7 I Flex  f a t i g u e  f a i l u r e  
'^ U » c k -f illG d  av  m ix;
•Ittlo f ra c tu ro .

FIG. V.8 : F lex  f a t i g u e  f a i l u r e  
of b l a c k - f i l l e d  Conv. mix a t  
lOO^^c; c ia tr ix  flow.

I Flex f a t i g u e  fallur^^ 
^ a c k - f i l l e d  3V mix a t  100°C’, 

cracks an.d l e s s e r  ball ing.

FIG. y . lO  I F lex  f a t i g u e  f a i l u r e  
of  b l a c k - f i l l e d  Conv.*mix with  
IPPD*, q u a s i - d u c t i l e  f r a c t u r e .



f a t i g U G  f a i l u r e  
r^ lac k rf i l lo d  'Ẑ J n ix  v;ith 

)) flow of m atrix .

?IG. V,l2 ; FIgx fa tiguG  f a i l u r e  
of b la c k - f i l lo d  Conv, raiz with 
IPPD a t  lOO^C  ̂ zone betv/cen 
d u c t l lo  and b r i t t l e  f r a c tu r e .

0  .  t, ♦ 

® '-  i .

•̂1' .̂ • ? la x  fa t ig u e  f a i l u r e  
•Qck“f i l iG d  Conv. mix with 
fit 100°C*, flow of m atrix .

FIG. V .l^  : Flex f a t i ^ j a  f a i l u r e  
o f b la c k - f i l l e d  EV mix iPPD a t  
lOO^C-, t in y  cracks on th e  su rface .
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^Is part has boon ptiblishod in Ibtoznatiocuil Journal 
of i^tlgua, JtauBiyy X983*



Chomical and £T3M stud ios on f lo x  fa tlguo  fa llu ro  of 

n a tu ra l rubbar vulcanizatos have boen roportod In Part A*

It yas found th a t the fa tiguo  fa llu ro  Is not aecotapaniod by 

any no jo r chango in  tho notvorTt s tru c tu re , trat i s  mostly a 

physical phonomonon. In th is  part SIM obsorvations on tho 

natuTG o f fa tlg u o  fa i lu re  occurring in n a tu ra l rubber and 
n a tu ra l rubber/polybutadlono rubbor (NR/®) blonds^vhon te s ted  

soparatoly under tension  and flex ing , are  reportod* The porar 
no ters Included In tho study a re  th e  e ffe c t o f  blend r a t io  and 

the e ffe c t of f iU a r .  The form ulations of the  mixes are given 

in  Table V«^. Tho physical p roperties  of the  volcanizates are 

summarized in Table V*5« The exporliaontal conditions In the



two types of fa tig u e  t e s t s  aro glvon in Table V.6. The rhoo- 

graphs of the n ixes B, C, H and F are given in Figure '7,15.
The rheographs of mixes A and D are already given in Chapter IV 
(Figure IV*1). The shape of the to s t  speciaens and the portion  

fra a  \»hero the  fra c tu re  surface has boon ronoved fo r SKM obser­

vations are shown in  Figure V,2a,

The fa tig u e  l i f e  of the  d iffe ren t vu lcan iza tes, as 

obtained from th e  Do Z ^ ttia  and th e  I'tonsanto fa tig u e  te s tin g  

nachines aro given in Table V«7* Although the absolute values 

obtainad from the  two nachines are d if fe re n t,  the re la tiv e  

ranking of the u n filled  vulcanlzates i s  a lnost th e  sane* The 

re su lts  show th a t  in the  case of the  u n filled  nixes the  fa tig u e  

l i f e  o f the 75/25 HR/ER blend Is b e tte r  than th a t  of HR I tse lf*  

But when the proportion of In the blond i s  Increased to  50 

porcont, the fa tig u e  l i f e  is  reduced considerably* I t  may bo 

noted th a t unlike n a tu ra l rubber, BR is  not a s tra in -c ry s ta ­

l l iz in g  rubber and hence I t s  u n filled  vtHcanlzates possess only 
poor s treng th  p roportio s. Thoroforo, tho presence of a high 
proportion of th i s  rubber In an u n filled  blend with r-3K is  

expected to  causa poor s tren g th  properties* This is  evident 
fron the physical p ro p erties  o f  tho vulcanlzates given in 

Table V,5* S a r l le r ,  Lake and Thomas^^ suggested th a t crack 

growth and hence fa tig u e  of a s tra in  c ry s ta ll iz in g  rubber aro 

retarded th e  formation of c r y s ta l l i te s  n sa r tho growing 

end of the crack , ^ I c h  causes a higher d iss ip a tio n  o f s tr a in  

onergy through hysteresis*  The iaprovooont in fa tlguo  l i f e



obsorvad In tha caaa of tha uo fillod  75/SJ jm /®  blond Is 

boliovQd to  bo duo to  tho prosonco of a l ig h t ly  crossllnkod 

m  In tho m atrix . As SI Is  alovor curing than In blaxds 
w ith a t  optiiman euro lo v o ls , tho BB caDponont Is  oxpoctod 

to  a t ta in  only a lower s ta ta  of euro (Tablo

Addition o f  ro lnforclng  carbon black raducoa tho fa t ig u  

l i f o  In tho caso of xffi and ttio 75/25 blond and tho rodui

tlo n  Is  not praalnont In tho caso o f tension  fa tig u o . In tho 

cazQ c f  50/50 :Jn/2R blend tho fa tigue  l l f o  incroasos. Thus*

tho a ffo c t o f blondlng W. with ?IR on tho fa tlg u o  l l f o  boccaos 

lo ss  aarlrad In tho f l l lo d  volcanlzatosj as compared to  tho 

unflllod  vulcsnlxatos.

Addition of ro ln forclng  carbon black a ffo c ts  fatlguo  
l i f o  in two ways X tho Increasod tonsH o s tren g th  and to a r  

ro slstanco  tond to  incroaso tho fa tigue  llfo ^  whllo tho 

onhancod s ti f fn e s s  tends to  rsduco lt»  In tho case o f

tho unflllod  vulcanizatos havo roasonably high s tren g th , 

bacauso of s tr a in  c ry s ta lliza tio n *  Honco tho o ffoc t o f the 

onhancod s t i f fh e s s i  duo to  carbon blacky on fa tig u e  l i f e

prodGQlnatos. Houevery In the caso of the e f fe c t  o f  the

laprovoiQont In s treng th  brought about by carbOT black may 

overshadow or balance the e ffe c t o f  the increased stiffn ess*  

Hence tho o ffo c t o f f i l l e r  on the  fa tlguo  l l f o  of HR/ER blond:

I s  not as narked as in the case o f  r!H«



Figure 7. I 0 Is  tho  SSM photograph of tha f la x  fa tig u e  

fa llu ro  surfacQ of tha u a flllo d  vulcanizato . The surfaco 

shows a dlmplo s tru c tu re . But the corresponding fractogrephs 

of the unflU ed  75/^5 and 50/50 iffl/BR blonds (Figures Y,l7 

and 7*13) show Increased brittlonG Ss. This i s  supported hy 

the physical p ro p erties  (Table Presence of BR In blonds

Increases the s t i f fn e s s  and hardness and lovers  the  elongation 

a t break. Figure V*19 i s  an observation in  the  case of the 

un filled  75/25 rJH/H? blend» vhere a flaw In the m atrix  i s  seen 

In it ia t in g  b r i t t l e  frac tu re*

Addition o f reixiforcing f i l l e r  ^^akes th e  a a t r lx  s t l f f e r  

and during flox lng  i t  undergoes b r i t t l e  frac tu re  as soon in 
Figure 7.20, \jhich is  th e  3SM fractograph of the  HAF black- 

f i l l e d  iJR vu lcan isa to . i^ re  or le s s  s l a l l a r  f r a c t ’ore surfaces 

v/ore observed in  the case o f the ‘ila c k -f il le d  blend vulcani- 

zatos (Figure V ,2 l), The surfaces show a la rg e  number of sn a il 

cracks, which are le s s  in  the case of the blends. Table V.7 

shows th a t tlio f l c s  fa tig u e  l i f e  of the b la c k -f ille d  JJP./IB 

blond vulcanizatos i s  s l ig h t ly  higher than th a t of the  f i l le d  

.'̂ R vu lcan lsa to .

The na tu re  o f th e  fra c tu re  surfaces obtained from the 

ilonsanto Fatiguo-to -F allu ro  t e s te r  is  d iffe re n t froa  th a t 
obtained frcn  th e  De I ^ t t l a  nachlne. While th a  Do Ite ttla  
machine gives r is e  to  a fra c tu re  surface which i s  almost



uaifona throughout, In tho I4onsaato te s te r  tho frac tu re  

surfaco of tho iin flllod  vulcanlzatos can ba dlvldod Into 

two z o n e s  J a rough z o n a  s la i l a r  In naturo to  tho frac tu ro  

surafco obtained fron  tho Do Mattla machlno end a cocipara* 

t lv o ly  smooth surface s ln l la r  to  tha to a r  frac tu ro  surface 

of un flllod  HR vulcanlzatos reported in Chaptor III* The 

rough region is  tho region vhoro th e  fa i lu re  s ta r ts  and fron 

T-rhore tho crac!c propagates in slow Increments during each 
cyclo of deformation. But vhen the crack grovjs to  a reflsonabla 
s iz e , the deformation causes te a r  fra c tu re  a t a f a s te r  ra te .

Tho frac tu ro  surface in tho te a r  2ono shows te a r  paths.
Figures V.22 and V.2*̂  show the rough zone and smooth zono 

respectl7o ly  in  the case of the  unflllod  NR vulcanlzatos. ^ e s e  

observations a re  In l in e  with those of Bader and Johnson^^^ 

and Prakash^^® ',̂ ,0 have reported tho presence of two zones in  
tho fa tig u e -fa lle d  surfaces of carbon fIbor-ro lnforccd  polymer 

composites* An In te restin g  observation made on th is  rubber 

frac tu ro  surface is  tho prosencc of a large nm ber of sn a il 

cracks in tho n a t r l s ,  vhlch are found prodomlnently In tho 

smooth zone and is  shoui In Flguroa and 7,2U** I t  is

believed th a t th e  formation of these small cracks i s  a mode 

o f d iss ip a tio n  o f s tre s s  caused by cyclic  tension . The 
frac tu re  surfaco o f the un flllod  75/25 NR/Hl blond i s  s im ila r 
to  th a t o f I©. Hero a lso  th e  surfaco consisted o f  a rough 
zone and a smooth zone. Also  a number of small cracks woro



o b so r v o d  In tho smooth zono^ a magnified Imago of vhlch Is 

shovn in Flguro On a c lo so r oxaslnatlon o f th is  f ig u re .

I t  l3* obsQr7od th a t tho cracks aro fonaod neap small te a r  

lin es  vhlch aro th a  roglons of s tre s s  concontratlon In tho  
matrix* Flguro V.25 Is tho Ŝ M fractngraph o f tho u n filled  
50/50 NR/BB bland. The figure  c le a rly  shovs tho tvo  zones on 

tho frac tu ro  surface* Here a lso  the presence of ssiall cracks 

wrts observed In both zones, but was not as vldosproad as in 

t h 3 caso of :IK and the  75/^-5 1©/3R blend.

With tho add ition  of carbon black tho fa tlg u o  l l f o  of 

iin and 75/S5 iK/Hl vulcanlzatas I s  reduced and tho nature of 

frac tu re  surface Is  a lso  changed, U illke the u n fille d  vrilca- 

n laa te s , hero tho *vriiola surface appears to  bo uniform In natxire. 

Figure is  tho fractograph of the b la c k -f ille d  “IT \>hich 

s h o v s  crac!^ a l l  alon?^ the su rface , T h i s  type o f  crac^'rs has 

boon observed i n  the  f lex  fa tig u e  fa ile d  surfac© a lso , Flguro V ,' 

i s  tho 33M fractograph of the b lac k -fille d  13/^3  riH/Bn blond* 

Cracks aro le s s  praminont In th is  case. In th e  caso o f the  

50/50 blond cracks aro much le s s  prosalnent as shown In
Figure V,28 and tho tension fa tig u e  l i f e  Is  a lso  higher 

(Tahlo y .7 ) . .

In genoral i t  is  found th a t  tho fra c tu re  surfaces obtained 

from the two types of te s t s  aro  d iffe re n t In tho case o f tho 
u n filled  vulcanizates while they have more o r le s s  the same 
foaturos in  tho caso o f tho f lU o d  vu lcen lzatos.
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^  V . 1 8  ;  F I q x  f a t i g u o  f a i l u r e  

T O f i U o d  5 0 / 5 0  N K / B R  b l e n d ' ,  

P t l q  f a i l u r e .

jTOOii

FIG. V.17 I F lex f a t ig u e  f s l lu r o  
o f  u n f i l l e d  75/25 Iffi/® blend*, 
b r i t t l e  f a i l u r e .

< ,V*

F I G .  V . 1 9  :  F l e x  f a t i g u e  f a i l u r e  

o f  u n f i l lG d  7 5 / 2 - 5  blend^
f l a w  I n i t i a t i n g  f r a c t u r s .

^ 1? )



t}6 * y.^O I ?1gx fatigU G  f a i l u r e  
\ t blac’’- r i l lG d  I'lK*, b r i t t l e
t i l l u r o  v . ' i th  c r a c ’cs.

FIG, V,?-l I F lax fa t ig u G  f a i l u r e  
of b la c k - f i l lG d  50/50 blond^ 
gGnoral su rface .



>5‘~ •■■"' ''« ',- ■’ 'I*
I' • •,s..A>^’'

b M.
%. ______

^ ^ ^ 1 0 0 jU.

^  V 2'4 : Tension f a t ig u e  f a i lu r e  
I l iad  'JT./Ei- blend.
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FIG. V.25 I Tons ion f a t ig u e  failiu*o 
o f u n f i l l e d  50/50 f'JK/3R blendj 
rough and t e a r  zones.
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10* V.27 ; Tonsjon f a t ig u o  failur-c 
blac’c - f i l l a a  75/^5 blGnci;

FIG. V.28 I Tension fa t ig u o  f a i lu r e  
of b la c k - f i l lo d  50/50 I.3R/3 blond; 
gonoral su rfaco .
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SCAJCilSG 3L3CTR0H MICSiOSCOPIC STUDI3S W  AaUSIOIf OF 
HR/® BISNDS 0ND2H DIFFSREUT TBST C0»Diri0N3

Hosults of this Chapter boiro hson puKLlshed ia 
^ouznal of Mitorlals Seloncay 12 (1982),



Abrasloa Is  an Inportant fa c to r  laadlxig to  tho fa ilu re  of 

a nuabar of rubber products Including t i r o s .  I t  I s ,  porhaps, 

tho lo as t undarstood among tho various typos of fa llu ro  of rubber* 

A nuabor of stud ios havo boon mado by sovoral authors to  undor* 

stand tho abrasion procoss In d o ta l l ,  Schallamach \-;as tho f i r s t  

to  study tho abrasion pattern  on abraded rubber surfaces^ ^ I c h  

Is bollovod to  p lay  a s ig n if ic an t ro lo  In tho  abrasion procoss. 

Iiator studios by tho samo author havo given more Information 

on th e  phoncanonon. But the exact mochaolsa of fonaatlon of tho 

abrasion p a tte rn  and tho extent o f I t s  Influonco on abraslvo wear 
aro not c le a r ly  known. Roznlkovskll and B rodsk ll^*^^ haTo 
i^Qscrlbod tho d lffo ro n t typos of woar occurring during abraslc»i 

of o la s tlc  n a to r la ls  and attempted to  find  oat tho  Influenco of



non^oehanlcBl fa c to rs  on abraslcn as v o ll  as tho  rolatlcQ  

batwon mochanical p roportios of rubbar and i t s  abrasion ra sls-
7*1

tancQ. A rocent study by* Southom and Thomas  ̂ doscrlbed the 

app lication  o f frac tu ro  mochanlcs to  caacplaln abrasion of rubbor. 

According to  thoso atcthors, tho formation of tho abrasion p a ttom  

Is followed by crack growth which plays an Important ro lo  in tho  

abrasion procoss. Laboratory ta s t s  fo r  abrasion raslstanco  aro ^

usod mainly to  rank m a te ria ls . Usually those t e s t s  aro used to  

control manufacturing uniform ity. Over tho years a number of 

to s ts  have boon developed to  t e s t  tho abrasion res is tan ce  of
TVrubbers' , Ilono of thoso to s ts  can p red ic t p rec ise ly  tho bohavlor 

of rubbers under a c tu a l serv ice  conditions and even the ranking ^

obtained from one to s t  method may not hold good in another. This 

shows tha complex nature o f abrasion o f rubbor and th a t tho raocha^ 

nlsm of abrasion under d iffo ro n t to s t  conditions i s  qu ite  d iffo ro n t.

The superio r abrasion res is tan ce  of pQlybutadiono rubbor is  

well Imown^*^, Blends of SR with n a tu ra l rubber, *whlch comblno *

tho superior abrasion roslstanco  of tho fonaor w ith tho o:ccollont 

processing and physical p roportios of tho l a t t e r ,  aro  now popularly 

Used in areas lik o  t i r o  tread s and conveyor b o lts , Howovori 

studios m  tho laochanlsa of abraslcQ o f thoso blonds, o s p o c i a l l y
i

vhon te s ted  undor d if fe re n t conditions, have not boon made,

Recently Shownick, Basu and have studied tho abraded surfaces
o f HI and styrono-butadiono rubber using scanning electron  micro­
scope, v lth  a viow to  study tho  mechanism of wear of theso rubbers.



In th is  Chapter an attompt i s  mado to  study tho abrasion 

of .'IR/Hl blends, in  d iffo ron t abrasion to s t  aach lnes, using SKM« 
Tho pararnotors studied include : (a) e ffe c t of te s t  conditions,

(b) offQct o f blond r a t io  and (c) e ffe c t o f re in forc ing  carbon 

blade* Tho fo in u la tio n s  of the mixes are given in Table 71.1.

Tho rhoographs of these mixes \-iqtq already given In Chapter V. 

(Figure 7 , l 5 \  The physical p ro p erties  of tho mixes are furnished 

in Table 71.2, Tho to s t  conditions vore varied by using throe 

d iffe ren t te s t in g  machines, namely Croydon-Akron abrader, DIN 

abrador and Du Pont abrador, d e ta i ls  o f which are sumnarized in 

Tablo 71.3, The shape and size of the te s t  specimens and the 

d iroction  of abrasion a re  shown in  Figuro 71,1, In the case of 

tlao DIM abrader tho d irec tio n  i s  changing continuously.

In the  Jilcron abrader tho contour of the c irc u la r  te s t  

specimen, mounted on a motor-driven sp ind le , i s  brought in to  
contact with the  periphery of an abrasive wheel, which is  mounted 

on another sp ind le . Kotation of tho specimen causes the abrasive 
vihoal to  ro ta te  and the two aro held togothor under a force of 

The ax is  of tho specimen and tho ax is of the abrasive 

>̂̂ 001 aro a t  an angle of ^ i c h  causes a rubbing action . The 

Qbraslon re s is tan ce  o f tho speclmai Is calcu la ted  froo I t s  weight 

lo ss  a f te r  a specified  number of revolutions of the  abrasive 

vheel. During th e  t e s t ,  tho abrasive whool was cleaned maniially 

with a brush and th e  specimen surface was continuously cleaned 
v i th  a c irc u la r  brush which was running In contact with the



5poci^on« In tho Du Poii^ usactalno t*wo te s t  p lecosj sacli having ^
2 cia. square stirfacos, aro sliaultanaoualy held against an ab ra- 

slvo paper d isc  ro ta tin g  a t  a spoed o f hO rpm* The two aro 

hold togothar undor a load of \ 6 Z  leg and th e  abrasivo papor

disc usod vaa s il ic o n  carbide typo#havlng a grain  sizo  of 325*

The spocixaons -̂ êre abraded fo r  10 n lnu tes and the abrasion lo ss  

vas calculatad  in tornis o f volume lo s s . During the to s t  tho 

abrasive surface vas continuously cleaned with a compressed a i r  

,jot. The Drr abrader d if fe rs  from tho o ther two In th a t tho

d irec tion  of abrasion changos continuously. This Is  achlofvod by

ro ta ting  the  specl’non on i t s  own ax is 'iriiilo undergoing abrasion .

Tho cy lin d rica l spaciaon, 16 nm in  d lan e to r, i s  brought in to  

contact w ith th a  abrasive surface (ejnery c lo th  Ko. 6o mounted 
on a drum) undor a normal load of 1 .0  kg. Tho specimen Is  made 

to  tra v e l from one end of tho drum to  the  o ther. Tho drum ro ta te s  

at a speed of U-0 rpm so th a t by the  time tho sp o c im G n  reaches the 

other end of tho drum, i t  trav e rses  a distance of Vo m eters. Tho . 

abrasion is  calcu lated  In volume lo ss  In one run of -̂0 m eters.

The spGcinons fo r  3S1-5 study ijoro ca re fu lly  cut from th e  abraded 

surfaces (a f te r  500 revolutions In th e  case o f Afcron, a f te r  10 

lainutes of abrasion in  Du Pont and a f te r  1 run of ^  motors in DIN) 

and were gold shadowed In a sp u tte r coate r w ithin 72 h rs of 

te s t in g .

Akrnf̂  ; Figures 71.2 and VI. 3 show the p lo ts  o f abrasion

lo ss  of the xsnflllod and f i l l e d  vulcanlzates against the nm ber 
o f revolutions in  tho Akron abrader. Tho u n f il le d  75/^5 nH/3?



blond shows a slow ra to  of abrasloo I n i t i a l ly  \^iich IncroasQS 

and again sloi^s dovn as tho abrasion In continued, But tbd 

tmriHod 50/50 blond shows a d lffo ro n t bshavlor, showing

a rapid r a ta  of abrasion r ig h t from th e  boglnnlng. I t  aay bo 

asstmiQd th a t abrasion In Akron abrador Is  govornod by tho t<msUa 

and fa tlguo  p ropo rtlo s , Fron Tablo VI.2 i t  Is  soon th a t to n s lla  

strongth , floz lng  roslstanco  and crack growth r o s i s t a n c G  a r o  

higher fo r  tho 7?/2? iIR/3Et bland, Southom and Thonas^^ havo 

shown th a t crack g^o^rth plays an Important ro lo  in  abrasion, Tho 

i n i t i a l  slow ra ta  of abrasion observed in the c a s e  of tho 15/2-5
blend is  bollavod to  bo caused by the delay in  the  formation

of the abrasion p a tte rn , Schallaxsacb found e a r l ie r  th a t the

ra te  of abrasion i s  slow t i l l  tho  abrasion p a tte rn  is  w ell devolop-

ed and from then onwards tho ra te  increases rap id ly , Tho decroaso

in tho ra te  of abrasion as tho abreslon is  continued fo r  a longer
ITStln o t can be a ttr ib u te d  to  snoaring as reported by Schallajaach « 

Smearing Is caused b7 the therrao^x ida tive  degradation of the 

surface lay e r of rubber accelerated  by high niGcbanical actlraa and 

re su lts  in  a s tick y  surface la y e r .

Figures VI,^ and 71,5 a re  tho S!3M photographs of tha abraded 

surfaces of the u n f il le d  75/^5 NR/Hl blend vu lcan izatos, Figuro 

VI,Û  shows a coarse abrasion p a tte rn , Tho ridges aro  largo  but 
®ro wide a p a r t. I t  i s  In te re s tin g  to  note th a t ,  contrary  to  e a rlie  

^oportsj hero the  ridges aro not perpendicular to  tho  d iro c tio a  of 
abraslcai. This i s  caused by two fa c to rs  I th e  s l ip  angle of ^0° 

and the  dsforoation  of th e  saznplo In the contact a rea . In tho case



of so ft unfU lod viilcanl2a ta 9|  the deformation Is so large  th a t 

th 3 d irec tio n  o f abrasion is  b e llG v e d  to  bo tirrned a lao st by 

90®, Thus th e  a c tu a l dlToction of abrasion in  those samples i s  

oore or le s s  across th e  clrcumforcnce of the  speclraen^ giving 
r is e  to  a p a tte rn  v;lth ridges rtinning along th e  clrcisiiforenco. 

Theroforoi the  con trad ic tion  regarding the d irec tio n  of the 

abrasion p a tte rn , as nentioned above, is  only an apparent one. 
Figure VI.5 i s  a nagnified  liaage of one of the  ridges* The 

intonse mechanical ac tion  on the ridges produces folding on the 

surface which i s  c le a rly  seen in Figure VI,5* Ivhon the propor­

tion  of BX is  increased as in 50/50 riR/3i blend, the un filled  

vulcanisate shows auch higher abrasion lo ss  as i s  evident from 

Figure VI,2 and Table 7 1 # Figures VI*5 and VI, 7 are  the S13M 

photographs of the  abraded surface of the u n filled  5o /5o ?3R/3? 

blend vulcanisate* The abrasion pa tte rn  \^ lc h  vms observed in 

the case of th e  75/ 2? :iR/ER blend is  not prominent in th is  case. 

Though ridges a re  formed during abrasion, the  s treng th  of the 

m atrix is  so poor th a t  the ridges get to m  o ff  soon a f te r  th<5ir 

fom ation , thereby giving r is e  to  an apparently  ridge-free  surface, 

Froa figure  VI, 7 i t  appears th a t  n a te r ia l  from the  surface has 

been chipped o ff  by th e  hard a sp e r it ie s  on the  abrasive sixrface,

iiddltioa of re in fo rc ing  carbon black makes th e  aatrijc  
stronger, as i s  evident from Table VI,2, Abrasion resistance  

i s  Improved remarkably. Figure YI3 shovs th a t  the  75/^5 NR/Hl 

blend gives s l ig h t ly  lo v er abrasion logs i n i t i a l l y  but as the 

Qbraslon i s  ca itlnued  i t  re g is te rs  a h igher lo s s  than the 50/50



2IB/® blend. Tho ta n s ilo  strongth  of thoso vulcanizatos svo 

noro or le s s  tho same. However, tho fatiguo  roslstanca o f  the 

f i l la d  75/25 rC'*/BR blond Is lo s s  than th a t of the 5o/5o ?IR/Hl 

bland* This might account fo r tho  s lig h tly  hlghar abrasion 
lo ss  of tho 75/^5 blond, when tho abrasion i s  continued

for a longor period. Figure VI*8 is  tho SSM photograph of tho 

abraded surface of tha b lac k ,f illo d  75/^5 IJK/IB blend. Hdro 

the ridges are rauch closor and they aro formed a t an angle of 

about to  tho circiaaferGnce o f tho spoclnen, Tho dlfforenco 

in tho d irec tio n  o f  tho rldgos in tlio u n filled  and f i l lo d  vulca- 

n iso tos niay bo duo to  tho dffferonce in tho eztont o f deformation 

that tho specinon stirfoco undergoos when I t  s lid es  against tho 

o’jrasive  wheel. Figures *71,9 and VI.IO are tho SI3M photographs 

in tho  case of the b lack rfilled  50/50 blond. Figure VI. 9

sho:-js a pa tte rn  which is  almost id en tic a l to  th a t obtained in 

tho COSO of the 75/25 :iK/35l blond. Figure VT.IO shows n a te r ia l  

being roaovad from the ridges.

Di:i abrarioT* I  In tho Dili abrador the  re s u lts  obtained aro
d ifforont from th a t from tho J^kron abrader* This is  e sp ec ia lly

truG in tho case o f tho unfilled  vu lcan lzates. The abrasion

lo ss o f tho 50/50 HR/BR blend is  almost a h a lf  o f th a t o f tho
75/25 KR/BR blend, ifedor tho co id itio n s  o f te s tin g  in the  DIN

obrader, co effic io n t o f f r ic t io n  is believed to  play tho  major
17^3?olo in determining abrasion loss« Grosch and Schallaiaach 

bavo reported th a t the coo ffic ien t o f  f r ic t io n  of i s  Im-rer



than, th a t o f Ha and th a t carbon black reduces I t  s t i l l  furthor#

Tho coGfflciant of f r ic t io n  of UR/ER blonds may bo assumed to  

dacroaso with IncrGaso In tho proportion of HI, This night 

account fo r  tho lo w r  abrasion lo ss  o f tho 50/50 blond In tho 

D E T abrador# Tho S31! photographs In tho  caso o f tho u n filled   ̂

75/^5 blond vulcanlzatos (Flg’oros VI*11 and YI.12) aro

dlfforont frora thoso obtained fron tho sano v^ilcanlzato tastod  

In tho Alcron abrador, Tho ridges are not continuous and do not 
fora a v e il  doflnod pattern* This Is  evidently due to  th e  
continuous change In the d irec tio n  o f abrasion during tho to s t ,  ^

D a f o r n o t lo n  of the  rJdgos Is c le a rly  seen In Figure V I ,  1 2 ,  The 

abrasion patt-arn i s  s t i l l  lo s s  defined in  tho caso o f  the  u n filled  

5o /> 0  :ip y iB  blend, as shown in  Figures V I , 1 3  and V I ,1 '+ ,  Fldges 
are aot o o s a rv o d  a t a l l ,  Here» laato rlal removal i s  fo u n d  to  occur 

In sna il lumps. Two such lumps aro magnified and shown In 

Figure VI,1^, :?ha s tru c tu re  o f tho lumps are  very s im ila r to  th a t 

o f  th o  r i d g e s  fo u n d  In samples obtained from Akron abrader. As 

Q X p G c t o d ,  t h e  re in fo rc ing  b lac k -fille d  vu lcan lzatos ^ow  lower 

abrasion lo s s ,  tho 5 0 / 5 0  ^ / H l  blend being b e tte r  tiian tho 75/25 

JIR/Ul blond. The abraded surface of tho 75/^5 IIR/BR blond vulca- 

n izate  does not show any c lo a r p a tte rn , although a fe w  coarso 

ridges are soon (Figure V I , l 5 ) .  However, a more or lo s s  woU 
defined pa ttom  i s  formed in the case o f tho 5 0 / 5 0  H R / ®  blend 

(Piguro 71,16), Hero th e  ridges a re  not continuous as In th e  

case of tho Akron abrader.



Pont_abradQg I R esults obtalnod from tho Du Pont abradar 

aro moro or lo s s  s im ila r to  thoso obtained fron  tho DIN abrador, 

Qxcopt fo r  th s  fa c t  th a t unflU od 50/50 M /m , bland vulcanlzat® 

shows ronarlcably low abrasion lo s s . Horo a lso  i t  is  bollovod 

th a t tho co o fflc ian t o f f r ic t io n  plays tho na jo r ro le  in Ootor- 

mining the abrasion  loss* It may bo notod horo th a t tho abra- 

sivo siirfacG usod in tho Du Pont abrador (s ilic o n  carbido papor, 

groin s l2o ’’25) was qulto  fino as comparod to  those in tho othor 

two r.achinos. 3ut unliko in thoso niachinQS, tho abrasiwo action 

in the? prosont caso la  continuous and in tho  samo ^^Iroctlon , 

Flguras 71.17 and VI.lS show tho abradod surfaco of tho unfilled  

75/25 iJH/Hl vuXcanizatG, A p a tte rn  of ridges f^rnad a t rig h t 

anglo to  tho  d ire c t ion of ro ta tio n  is  c le a r ly  v is ib le , "nliko 

in the? caso o f tho ^kron abrador^ horo tho rldgos are f in e r , 

ila to ria l removal from the ridgo is  shown In Figuro VI.18. Tho 

abradod surfaco o f tho u n fillo d  50/50 MR/BR blond, as shoim in 

Figaros VI.19 and VI.20 shows a very d iffo ron t p ic tu ro . Only scmo 

scratch  aar!is aro observed on tho surfaco. Possibly duo to  tho 
continuous rubbing ac tio n , sono so rt o f b a ll  formation is  obsor-

vod on tho r^urface, vhlch is  c lo e rly  shown in Figure VI.20, As 

pointod out e a r l ie r ,  abrasion lo ss  In th is  caso is  abnornially 
low. Tho abrasion lo ss  In the caso o f blaclc-flU sd blond vulca* 

n iza to s, as oxpoctod, is  low, but tho difforonco betwoon tho 
un filled  and f i l l e d  vulcanlzatos of tho 50/50 T©/3? blend is  not 

s ig n if ic a n t. Tho abradod surfaco of tho b lack -flU ed  75/^5



HR/BR blGnd, as shovrx In Flguro 71,21, glvos a vory fln o  and 

woll doflnGd pattarn with rldgos running perpendicular to  tho 

d irec tion  of abrasion. But in th3 caso of tho black-fIliad 
5o/5o I^/H l blond, th s  p a tte rn  Is  not woU dovalopad, as shovn 

In Flguro VI.22, But thoro la  a definite tendency towards the 

fornatlon of a pattern*
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O O 75/25 NR/B R 

50/50 NR/BR

2  ̂ 6 8 10 
N UM BE R  OF RE VO LUTIONS X lO*^
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VI-2. A B R A S I O N  L O S S  OF T H E  U N F I L L E D  V U L C A N I Z A T E S  •'- - t 'i '
A S  A F U N C T I O N  OF T H E  N U M B E R  OF R E V O L U T I O N S ^  

IN THE A KRON A B R A D E R  *'



NUMBER OF REVOLUTION5X10 ' 2

FIG. VI .  3 A B R A S IO N  LOSS OF THE F ILLED VU’.CANIZATES AS A 
FUNCTION OF THE NUMBER OF RE ' /Ql u t IGNS IN THE
AKRON A B R A D E R .



. / I , U  t Abraded s u r f a c G  o f  t h e  
_Llcd 75/^5 IJR/BR blend In th e  
)fl abrader*, c o a r s e  a b r a s i o n

FIG. VI*5 t Abraded surface of tho
unflllQ d  75/25 NR/BR blo'nd'/ln tho 
Akron ab rader; m agnified’Image of
th e  r id g e .  ■ , .

w T • « %

/ / B )

‘-^ass

V I.6 : Abraded s u r fa c e  o f the  
-led 50/50 N R /^  blend in the
I abrader^ r id g e - f r e e  su rface .

FIG. VI. 7 : :Abraded su r fa c e  o f th e  
u n f i l l e d  50/50 NR/Eft i |i  th e
Akron a b ra d e r , matGrial^removal 
from the  su rface .  •

* .  t  - t '  >' *•



^00>

r, VI. 8 \ Abraded s u r f  ace o f  th e  
H ck-fi l lG d  75/25 m / m  blend in 

Akron abrader^ p a t t e r n  forming 
inglo w ith  the d i r e c t io n  o f  

^asion.

■FIG, V I.9 I Abraded s u r f a c e  .bf th e  
b l a c k - f i l l e d  50/50 NR/BR blona ‘In 
th e  Akron a b ra d e r ,  f i n e r  e b ra s io h  
p a t t e r n .

50 >

VI,10 I Abraded s u r fa c e  o f  
le b l a c k - f i l l e d  50/50  NR/BR 
®nd in  th e  Akron abrader*, 
t e r i a l  removal.

FIG. V I . l l  ; Abraded su r fa c e  o f  th e  
u n f i l l e d  75/^5 NR/BR blend in  th e  
^IN ab rader; d iscon tinuous  r id g e s .



, VI. I Abraded s u r fa c e  o f  
iun flllod  75/^5 NR/BR blond 

[the DIN ab ra d e r ;  defornitsl '■ 
Igos.

FIG. VI. 13 ! Abraded s u r fa c e  o f  th e  
u n f i l l e d  50 /50  m / m  blond In th e  DK 
a b ra d e r ;  r i d g e - f r e e  sxirface.

50 ju-

r,‘ V I.1^ : Abraded s u r fa c e  o f  
u n f i l l e d  50/50 NR/BR blend 

[the DIN ab ra d e r ;  lumps o f  
[aded ru b b er .

FIG. V I.15  I Abraded s u r fa c e  o f  
b l a c k - f i l l e d  75 /25  NR/H^^blend 
in  th e  DIN a b ra d e r ;  c o a rs e  r i d g e s .



, VI.16 ; Abraded s u r fa c o  o f  
b la c k - f l l lQ d  50/50  NR/BR 
id in th e  DBJ a b ra d e r j  

[continuous r id g e s .

FIG. V I .17 I Abraded s u r fa c e  o f  
th e  u n f i l l e d  75/^5 NR/HR blend 
in  th e  Du Pont abrader^  r id g e s  
runn ing  p e rp e n d ic u la r  t o  t h e '  
d i r e c t i o n  o f  a b ra s io n .

50

>• V I,18 t Abraded s u r f a c e  o f  
r U n f i l l e d  75/^5  blend
^the Du Pont a b ra d e r j  m a te r i  
’ )val from th e  r i d g e s .

i a l

£10. V.I. 19 I Abraded s u r fa c ^  o f  
th e  u n f i l l e d  50/50 NR/BR blend 
in  th e  Du Pont abrader^  s c ra tc h  
marks on. t h e  s u r fa c e .



fc. VI.20 r Abraded su r fa c e  o f  
lo u n f i l l e d  50/50 NR/BR blend 

the  Du .Pont abrader*, b a l l  
[rmation on th e  su rface*

FIG. VI.21 : Abraded s u r fa c e  o f  ' 
th e  b l a c k - f i l l e d  7 5 /2?  NR/BR blond 
In  th e  Du Pont ab rader^  f in e  
p a t t e r n .

p

PIG. 71.2.2 ; Abrsde*d s u r f a c e  o f  t h s  
b la c k T f i l le d  50 /50  NR/ER blond in 
th e  D tTPont. a b ra d e r  J a b ra s io n  p a t te r n  
In th e  e a r l y  s ta g e s  o f  fo rm atio n .



CHAPT31 m
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PART.A.H3TW(BK (2AH(BS JS naVRAL RUBBBB 

VOLCASIZjaSS TODEH CQMFBBSSIOS.

This part h u  boaa pata.lsh«d In Jwrnial of MpslUi 
Wtymar Soloaeey 2Zt 3-^7 (198Z)«



Rubber prodiicts aro sab]gcT;e(3 to various forms of 

Qochaiilcal and thom al strains during service and I t  Is 

l lk a ly  that t lia lr  network structure undergoes changes 

during service. Such structural changes contribute consi­

derably towards the deterioration of rubber products. A 

sound knowledge about the structu ral changes that are lik e ly  

to  occur In vulcanizates under sorvlco conditions v l U  help
OO OQ

In understanding th o lr fa ilu re  phenomena* Nando and De • ̂  

studied changes In thd netvork structure of natural rubber 

vulcanlzates subjected to  different physlc£l tests> slncQ 

these testsf e ith e r singly or la  cofflblnatloa^ sliaulate at 

least a fc v  service conditions* Stuckey and eoworkers^^



rocontly roportod docroaso In tha proportion of  po lysnlTldlc

linkages In IIR vulcanizatos dnring Do Mattia floxlng.
91Cunnoon and Bussol^ raported changoa In chonlcal structure 

of NR t ir o  troad vulcanizatos during simulated and actual 

sorvlco conditions. They found xaarkod roductloi In tha concon- 

tra tlo n  of polysixlfldlc llnJcagos and Incroaso In naln chain 

modifications, Incroaso in crosslink density in  t iro  trends 

during sorvlco vas obsorvod by Howard and W ild « r ^ ,  But 

tho oxtont of Incroaso doponds on tho ctUTativo system and tho 

naturo of the bsso polyiaer* SovovoTf moro oxtensivo studies 

In th is  lin e  are required to  understand the fa ilu re  phoncsnena 

in  detail*

During service l if e  a numbor of rubber products are 

sub.lQcted to  comprossion at elevated temperature, la th is  

part an attempt is made to study the changes occurring In 

vulcanizatos m dor conprossion at olevatod tomporaturo, Tho 

study gives an Idea whothor the network changes, i f  thoy occur 

at a l l ,  are duo to compression or aging or both. For th is  a 

Conv, vulcanizing syst<^ has boon chosen In gum, vhltlng*, 

black- and s i l ic a -f i l le d  mixes* Tho effects of using 3V system 

and a higher tost temporature uoro also studied in  the gum 

mix. I t  is  goQorally tnown that rubber products can bo protoc- 

tod from aging by the use of antioridants. Henco, the effect 

of an antiozidant, pheoyl-^-aaphthylamino (PBNA), in  the above 

compounds has also boon investigated, Tho fonaulaticns of the



various mlxos are given In Tablo Tho rhaographs of

m i x a s  C and ^  aro givon In Flguro The rhoographs of

tho other mlxos aro alroady glvon In Chaptor IV . (Figures 

IV . l  and IV .2 ), Tho caaprosslon sot test vas dono at 257* 

strain and fo r 22 hours at 7 ^ C , The test vas dono also 

at 100®c in  tho case of tha gum vulcanlzatos. In ordor to  

study tho offact of aging alonoy samples voro kept siaul* 

tanoously at the samo teiaperaturoy but without comprosslon. 

The comprassod as \^11 as tho aged samples voro subjectod to 

chomical analysis*

Samples fo r  detonalning tho notirork characteristics 

voro takon fran tho Insido mlddlo soctlons of a l l  tho spocl^ 

mens* Tho extent of scatter In ascporlmontal re su lts  vas 

assessed by carrying out estimations on sanplas tafcon from 

the surfaco and coro of three different tost plecos^ selected 

at random* Tablo 711,^ gives the mean of three estimations 

and the standard deviation.

Physical proporties of the vulcanizates I  Tho optimum cure 

times and tho physical properties of tho mixes aro given in 

Table V II .2 , The highar strength properties of tho Conv. 

gim mixQSy in  cocaparisc^ to  the SY gum mixes ̂  may bo a tt r l*  

butod to tha highor proportion of p o ly s u lfld lc  linkages in 

the formor as showi in  Table For the same reason they

show highor resilience and flexing resistance. Whiting is  a



ncffl-rolnforclng f l U o r  and honco it s  aaaitlon causoa radue- 

tlo a  in  strsngth propertlos, HotfQ'ver, thoro Is  a slight 

laprovoraent In modulus and hardnass. The rfjinforclng 

capaoity o t  HAF black is  vory much evident Xrom tho physical 

proportios of the black^filiod  mljcos* But tho rolnforcing 

potoatial o t  procipltatod s ilic a  is  not rcflQctod in tha 

properties o t  tho mixes containing i t .  The low crosslink 

density of the s i l ic a -f i l le d  nixes, caused by the adsorption 

of tho curatives, is  responsible fo r  th e ir  poor properties. 

Addition o f 1 phr of PHTA to  the nixes causes a slight Improve- 

fflont in physical properties l ik e  modulus, ten sile  strength, 

tear resistance and resilience# The Improvement In these 

properties can be correlated to the higher proportion of p o ly - 

s u lfld ic  linkages as nay be seen frcaa Tables V IT.V  and 711,5.

Tho narkDd improvoniont In fle x  resistance resulting from the 

addition of aatloxidant Is reported in Chapter V*

Changes la  netvork str.ugt^jr^ of gum gulcanlzatog aftnr eogmra- 

3Sion : The results  of chemical characterization of tho Conv*

gm  vulcanizates are given In Table At 70®C these

vulcanizates shov either the sanie or higher 7^ after testing. 

The change is  more in  the case o f the compressed sample. The 

increase In  is  dua to the foa:caatlon of new crosslinks througt 

the untlaed curatives present In  the samples. The change In the 

proportion o f p o lysu lfid lc  linkages is  not systematic, but the



cQQcantratlon of zinc sulfide Incraasos during the testing*

As ZaS formaticn nay occur through crosslink destruction^, 

i t  can bo assuciod that crosslink destruction occurs during 

tho te st. Hovever^ it s  effect Is more than compensatad by 

crosslink fonaatlon during testing . With the addition of 

PMA, compression sot Incraaaes and th is  can be correlated 

to  tho hlghar proportion of po lysu lfld lc  linkages In these 

sanples. The lower concentration of zinc sulfide In these 

samplos indicates that crosslink destruction reactions are 

mlnlnised by the antloxldant and hence the effefit of post- 

curing Is raore pronounced* Table V II*5 gives the network 

characteristics of the gua vulcanlaates. As expected, 

set la much lower* The ■3T system gives r is e  to  a more stable 

network and th is  is  evident from the minimum changes In 

p o lysu lfld lc  llnkagQs and ainc sulfide concentration* In the 

3Y system also the effect of P3TJA is  sim ilar to that in  the 

case of the Conv* gtaa miXf g iving rise  to  a higher proportion 

of polysxilfidic llnkagos and a higher sat*

Table VII*5 also gives the results of chemical charac­

te riza tio n  of the giaa ml3:es tested at 100®C* As expected, 

the sot value is  higher than that at 7oPc* The values are 

reduced remarkably, Indicating the predomlnence of crosslink 

destruction during testing* This Is  further evident from the 

large increase in  the concentration o f sine sulfide and the 

reduction In p o lysu lfld lc  linkages* Here again, the changes



era lass la tho caso or tho S7 mix*

ahangQS in  nat^wrk struct^irq. of f l l la d  jgnlcanlzatas aftny 

comprosglon ! la the c b s q  of tho T ^ lt ln g -f U le d  vulcanlzatgs, 

at 70^Cy tho changQs aro s im ila r to thoso In the gum mixes*

Tho changes In and in  zinc sulfide concentration are s lig h t­

ly  morg In tho samplos under compression. In the case of the 

blacIc-fillGd vulcanlzates tho changes in  Vp and po lysiilfid ic  

llnlcagQS aTG not significant* However, the increase in  sine 

sulfide concontratica indicates crosslink destructic»i during
y

tha testing* It  is assumed that in b laclc -fllle d  vulcanlzates

postGuring and crosslink destruction reactions occur to  tho 

sam o e x t e n t  re su lting  in  an almost constant 7^ value* Tho 

incr^sase In and zinc sulfide concentration in  s i l ic a -f i l le d  

v iO c a n iz a t e s  Indicates that a larger number of nev crosslinks 

are b o ln g  formed than those undergoing destructico. ^

I

In a l l  the f i l le d  vulcanizates^ as In tho case of the 

gun mixes, antioxidant causes an increase In the proportion 

of po lysulfid ic  linkages and consequently in  a higher set#

The Increase In p o lysu lfid ic  linkages ^s ataoraally  large In ^

the: s i l ic a -f i l le d  mix. But as the set values are very high 

in these mixes, the effect of antioxidant on set Is  not notablo 

It  is known that zinc forms a sulfuratlng complex^ as sho\m 

below* %



L
I

A c - S x - 2 n » S x - A c
t
L

vhoro L l3 a basic group, Ac Is the accolorator aolaty and 

X is  tho nunibgr of su lfu r atons. Thu effQctlvonoss of this 

complex Is  onhancod by tho addition of PBTIA aspoclally In 

tho Conv. alxos. It  is  knovn that th is  conpioz forms In i­

t i a l l y  unstable po lysu lfld ic  crnssllnics which then brQaks 

Into none- and d is u lfld lc  links* Slnco the conversion of 

polysulfldos Into mono- and d isulfides Is  minimizod by PMAf 

tho mijcQs containing I t  show a higher proportion of poljr* 

s u lfld ic  crosslinks and loss C3^ssllnk destruction during 

the test«
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Ĥ*H

P«- ^  CO
J f  t f \  iTi

o o o o c o 
rt H H

H H H• •O  O o

0 .0 O
43

<s

03 W  ^  ft .

•
•n
A

9
U C4A CM

CM >4
CM o
%4o
Vt
oo

:0 oĉ-
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Tho popularity of rubber V -balts In tha fie ld  of pover 

trannisalon has booa incroaalBg in  rGCont yaars and th is  has 

rosultod In oxtonsivo devQlopjnont vorlc on bolt design and tho 

0*0 of now laatorials. Uso of stronger na ta rla ls  lik a  rayon, 

steel wire and polyester fibers as tension meraber demands 

proportionate Inprovenents In the rubber componfaits of trans­

mission belts. Tho major technical requirements of the rubbor 

ccmpoaents of 7*belts are I

(1 ) Ciood dynamic properties (high re s ilie n ce , low heat 

buildup^*

(2) Good heat resistance*

(3) Szcellent resistance of f le x  craekingt



Moroovor those compounds should possess other desipabl® 

characteristics lik e  resistance to o ils  and ozone.

Studios on the fa ilu re  nochanlsm of Y -bolts are ve iy

scanty. The d lfforont vays in  which V -belts f a l l  have boon
176outlined by Johnson and Homung ' .  According to  these 

authors broakage of Jacket| separation betveen cord and rubber^ 

or that botveen cushion rubber and reinforced compression 

rubber, broalcage of cord and cracks in rubber resulting fron 

alternating tension and compression^ are the main typos of 

plane-base bolt fa ilu re . The Influence of motal oxide d is ­

persion on neoprene V -belt fatigue fa ilu ro  has boon studlod ^
177 17*̂by Vickery, Fullnan and Snydor .  V/alter also rovloved

the different types of fa ilu re  in  V -b e lts , Ilovover noro

fimdamental studios on the different aspects are required to

understand the fa ilu re  of V -b o lts , In tho present vork the

ehanical changes in V -belt base rubber vulcanlzatos during
fi.

simulated service testing has been studied* Tho effect of

antioxidant under those conditions has been Included In the 

study.

The formulations of tho base mixes are given In Table

V I I . 6* A blond of and polybutadiene rubber has been ^

ehosen fo r those mixes. Mixing of the ingarodlonts other 

than the curatives was carried out in  a Shaw Intermix size

The mixing cycle is  shown in  Table V II .7 . The curatives 

were added in  an open m i l l .  Tho rheographs are given In  ^



Figupo V I I .2 . Tho optimum euro tljao of the compounds bt9  

glvon In Tablo V II* 8* Tho mlxos woro usod for tho beso of 

V -bolts of siZQ A 57. Tho tonsion member used vas KosorelnAl- 

FormsldebydQ-Latox troatod rayon monocord* A natural rubbtr 

based cc«apound, suitable fo r bonding to rayon cord vas used 

as tho cushion rubber, Tha jackot usod was from polychloro- 

prone rubber based cotton fa b ric . Building of the belt vas 

dono on a collapslblo  drum and the cut sections wore jacketed 

and then cured In a stoam pot fo r 30 mlnutos at 5.5 kg steam 

pressure.

testing  t The bolts -woro r ig  tested upto fa ilu re . Tho 

tost condltlcsis are given In Table V I I .8. As tho belt from 

MJj: F fa ile d  a fte r 108 h r, one belt from Mix G vas run under 

the saiae conditions fo r a period of 108 hr to find out the 

changes occurring during the same period of tostlng In the 

two d ifferent base vulcanlzates. Samplos fo r chemical tost* 

ing were takon from the base.

Tho physical properties of the base vulcanlzatos are

given in  Table V I I , 8, Tho higher conrprossloa sot, heat

buildup and tear resistance and the lower resilience and abra<

slon loss show that the vulcanlzata, F is  having a lower

crosslink density compared to  the vulcanl^ato G. Sim ilar

observations have boon made aarllot^^^* This is  c(»iflrmed

by tho lower V^ valuoJ; of vulcanlzate F (Table V I I .  9 ) .  I t  r
is  also saen from Tabla VI1.8 that tha tast l i f e  of tha bolt



nada from Mix F , In r ig  ta stin g . Is  only h a lf of that of tho 

bolt mada from Mix G, Although th is  Is qulta unoxpectad. I t  

Is  bellavad that tha antloxldants hava affacted tha stata of 

euro of tho vulcanlzato , Tho lower state of cure loads 

to  higher hoat buildup during r ig  tasting , i/hlch In tu rn , 

might have contrlbutod to bond fa ilu re  bat-ween the jacket 

and rubber and then betveon cord and rubber and u ltln a to ly  

to  fa ilu re  of tho b e lt.

Tha chomlcol characterization of the optlnua cured

vulcanlzates and that of tha base vulcanizates aro given In

Table 711*9* The lower values of free sulfur and higher

volUGS of combined sulfur and 7 - of tho besa viilcanlzatesr
shov; that the bolts are over cured conparod to the test 

specimens cured In the laboratory*

Bo3ults_ of r ig  testing I Although tha percentage change In 

the concentration of free sulfur and 2nS sulf^ir are quite 

considerable, the actual quantities Involved are very snail 

and honco not significant* This Is  also conflrned by the 

constant value of combined sulfu r Sc * Tho major changes 

In tile chemical characteristics of tha vulcanlzates include 

an Increase in and In  sol content and a decrease In the 

p o lysu lfld lc  linkages* Tha changes In 7^ can ba attributed 

to  the occurrence of postcuring and crosslink destruction 

reactions as discussed in Part A of th is  chapter* Both these



reactions aro activated by tho hoat gonoratod dtirlng tho ta s t­

ing. In tha case of baso F tho postctxplng roactlons are moro 

predoalnant and hcmco tha porcontaga Incroase la  la  aoro.

In tha caso of base G the 7̂ , value Incraaaos f i r s t  and then 

docrQasGS, Th is  Is duo to the prodomlnanco of crosslink 

destruction over postcurlng as tho testing Is continued* The 

concentration of po lysu lfld lc  linkages decreases v lth  te sting . 

Tho reduction is  more in base B which contains no antloxldant. 

The extent of chain scission occurring during tha testing 

period Is not remarkable. Also during the r ig  testing because 

of the presence of tho Jac’̂ et, the base rubber has no direct 

access to oxygen hence oxidative chain scission does not 

occur to any significant le v e l.
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Failuro of rubbar is  accompaniod by changos In Its  chomlcal 

structuro. Thorofora studios on tho changes In  chonlcal stpuc- 

tura of vulcanlzatos during fa ilu ra  arc ozpcstod to give In fo r- 

mat lens on tho raochanlsn of fa ilu ro . Also tho fa ilu ro  surfaco, 

■'/horovor a vo llab lo , offers a good area o f rosoarch on fa iluro  

aochanlsm, Tho prosont thosls consists of stuldos on tho 

chQinleal changos assoclatod with fa ilu re  of rubber and scanning 

alectron microscopic studies of fa ilu re  surfaces. The different 

modes of fa ilu re  lik e  tonsllo  and te a r fra ctu re , fatigue, aging, 

abrasion and set have been Included In  the study. The effect 

of using d ifferent rubbers and rubber blends and tho effects o f 

f i l le r s  and vulcanizing systoja on the fa lln re  properties have ^ 

also been studied.



part B consists of S3M studies on tfjnsllo ropturo of 

rubber* Tho fracture surfaces of unfilled  natural rubber 

show evidence of strain-lnauced c rys ta lliza tio n  which Is 

absent In styrene-butadiene rubber. The fracture surface of 

f  111 or~ro In f or CO d and SH\ vulcanlzates are characterized

by th e ir  roughness and by the presence of short and curved 

tear lin e s . Increase of crosslink density changes the fracture 

node* Peroxide-cured SH? undergoes b r it t le  fracture^ -v^roas 

the sulfur-cured one shows snooth surface with a fow tear 

lines*

Cheaical and S3M studies on thermo-oxldative aging and 

it s  effect on netvork structure and fracture mode of M  vulca - 

nizatcs are described In part A of Chapter IV, The f a l l  in 

properties during aging is  caused mainly by chain scission.

The increase in  crosslink density during the in i t ia l  periods 

of agLag causes an increase in  modulus and tensile  strength. 

Carbon black accelerates aging, probably by surface catalysis. 

The sljaple network structure of e ff ic ie n tly  vulcanized ?1R 

results In  better retention of properties during aging, M t l -  

oxldant retards aging. The extent of degradation of vu lca n i- 

2ates is reflected in the nature of the fracture surfaces.

The roughness of the te n sile  fracture surface Is  affscted to  

varying degrees depending upon the aging resistance of the 

vulcanlzates. However, In  te a r i t  is  the mode of fracture 

propagaticMi that Is  affected by aging.



Part B consists of S3M stiadles on tg n s ilo  ropturo of 

rubber. Tho fracture surfaces of u n fille d  natural rubber 

show Gvldsnco of strala-lnducod c ry s ta lliza tio n  vhlch Is 

a b s o n t  In s t y T a n o -b u t a d lo n a  rubber. The fracture surface of 

filla r^ra lu fo rco d  M  and 3H". vulcanlzates are characterized 

by th o lr roughness and by the presonco of short and curved 

tear lin e s . Incroase of crosslink density changes the fracture 

node, Poroxido-curod 3Ht undersoes b r it t le  fra ctu re , \rfiereas 

the sulfur-cuTQd one ahovs snooth surface v ith  a few tear 

lines*

Chemical and 3̂ 14 studies on thenno^^oxldatlve aging and 

it s  effect on network structure and fracture mode of ?JR vu lca - 

nisatcs are doscrlbod In part A of Chapter IV. The f a l l  In 

properties during aging Is caused mainly hy chain scission,

Tho Increase in crosslink density during the in i t ia l  periods 

of aging causes an incroase in  modulus and te n s lla  strength. 

Carbon black accelerates aging, probably by surface cata lysis . 

Tho slople not-work structure of e ff ic ie n tly  vulcanized SR 

results in  better retention of properties during aging. A n t i- 

oxidant retards aging. Tho extent of degradation of v u lc a n l- 

zatos is  reflected In the nature of tho fracture surfaces.

Tho roughness of the te n sile  fracture surface Is  affected to  

varying degrees depending upon the aging roslstanco of tho  ̂

vulcanlzates. However, in  tea r I t  is  the mode of fracture 

propagation that la  affected by aging.



Part B of Chaptor IV consists of chemical and 3?M studios 

on ozcttQ cracking of rubber* Ozono roslstaaco of NR and W /  

;:pdm vulcanlzatos have boon quantltatlvoly asaossod, HLondlng 

of 3PDM with NR Jjaprovos tho ozone resistance of the la tte r , 

as Indicated by higher values fo r tho c r it ic a l  strois^straln  

parameters# Presence of carbon black improves the ozone 

resistance* Addition of black to  tho individual rubbers p rio r 

to  blending Improves the ozofte resistance of the blend, SSM 

observations show that the cracking pattern in the unfilled 

vulcanizates is  tho same In both and the blend« Ilowever, 

crack deviation observed in the black-^filled iJR/3PDM blends,

T̂ as less marked In the black**fiUed NR*

Chapter V consists of two parts* Part A is  tho chemical 

and SSM studies on fatigue fa ilu re  of HR vulcanizates* T iifllle d  

and f il le d  vulcanlzatos with both conventional and systems 

\7ero tested In a De 1-lattia flexing machine at tvo  temperatures 

and the fracture surfaces were subjected to chemical analyses 

and studios. Tho study shows that flexing fa ilure  is  not 

accompanied fcty any major change in network structure* SEM 

studies show ductile  fa ilu re  of gum mixes* HAF b la ck -fille d  

mlxos shcyw b r it t le  fa ilu re  which changes to  quasi-ductile with 

tho addition of antioxidants* At 100°C flow of tho matrix is  

more important*

In Part B of Chapter V SSM studies on flexing and tension 

fatigue fa ilu re  o f natural rubber/poly butadiene rubber blends



aro doscrlbod* The ranking of tho vulcanizatos on tho basis 

of fatlguo rosistancG, obtainsd froa both typos o f tests is  

almost the sano, Howvor, tho nodo of fracttiro varies dopon- 

dlng upon tho typo of stra in . In tho caso of floxing fa llu ro , 

tho dlrapla struotm^o as obsorvod in isnfiUod vas absent in 

tha CGSO of tho blonds, Prosonco of carbon black f i l l o r  ^

causes b r it t le  fracture in teth !TR and tho blonds. In tho 

C3S0 of tons?-on fatlgiie, the fracture surface of thd ’Jinflllod 

vulcanlzatos shows tvo zones, a rough zone and a tear zono, 

BrittlGnoss observed In tho b la c k -flllo d  NR vulcanlzatos vms 

less proninont In the case of tho blends.

Chapter V I consists of S!3M studios on the abraded 

surfaces of IJR/ili blends undor d lfforcnt tost conditions.

The ranking of tho un fille d  blonds obtained from tho Akron 

abrader Is different fron that obtained frcra the Du Pont and 

the DTI abraders, while In tho case of tho b la c k -flU o d  vu lca - 

nizates tho same ranking can be obtained fron a l l  the three 

nachlnes. Tensile end fatiguo proporties are beliovcd to  

play 2ia;Jor rolos in determlniag abrasion loss in  the i^kron 

abrader, while tho effect of fr ic t io n  is  more pronounced In 

the other tvo nachines, Tho s lip  angle and tho deformation 

of tho surface laye r of rubber during abrasion account fo r 

tho dlfferenco in tho direction of the abrasion pattern observ­

ed in  the case of tho Akron abrader. The carbon black-rein­

forced vulcanlzates give riso  to  a fin e  abrasion pattom .



r

BQcauso of tho contlnuoas change in  tbo directioa of
1

in  tho DIT7 abrador^ a v o ll  dofinod pattom  vas not obsQrt«d«

Tho 50/50 blond vulcsnlzatos showod very high abreslcfl

rosistancQ in  the Du Pont abrador and th is  is  reflected In 

tho natiiTo of th o ir  abraded surfaces as olraervod in SBM*

Chapter V I I  is  divided Into two parts# Part A deals 

v ith  the changes in network structure of NR vulcanisates under 

ccsmpression* When vulcanlzates are kopt under compression at 

elevated temperature| two types of changes occur Z postcuring 

and crosslink destruction* At 7CPc the fonaer is  pred^lnant^ 

while at 100°C crosslixik destruction occurs to a larger extent* 

These changes are less in the BY laljcos. The addition of anti* 

oxidant (phonyl-^-naphthylaalne^ increases tho proportion of 

po lysu lfid io  linkages in  the vulcanizates and consequently 

increases the coapressioa set. Aatloxldant m ^lm lzes cross* 

l in k  destruction reactions as veil* The changes In network 

structure are mainly the effect of aging although in  aany cases 

compressive strain  acc^erates the changes occurring duo to* 

temperature*

Part B of the Chapter V I I  deals with studios on the 

changes In network structure of Y*belt base vulcanizates during 

slmtilated service testing* I t  has been observed that the T -b e lt  

made froct the base ccsipound containing antioxidant fa iled  store 

quickly then that without antloxldant^ possibly due to  a lower 

state of euro in  the former* The crosslink density of the base



vulcanlzat<3 In th - failed bolts Is higher than that of th «  

o rig in a l b e lt. Tho sol content also Increases. Thor« Is  . 

a rsductlon In tho  coacaatratlon of potlysulfldie erosslinka 

during the r ig  te sting .
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