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Thermoplastic elastomors are outgrowing In number

end appllcritions da”~by~day. But the rheological charactei>

Istlcs under different processing conditions and the mecha-%
nism of failure during service of these materials have not
been fully understood so far. For optimising the processing
conditions and for improveing the service performance, a
thorough understanding of the rheologicaX behaviour and the
r.fnechaniem of failure of the material under various process”

Ing and service conditions. Is quite essential. In this

thesis, the rheological behaviour, nature of deformation and

mechanism of failure of thermoplastic elastomers, with
.special reference to those of thermoplastic natural rubber”®

polypropylene blends, are discussed.

The subject matter of the thesis has been presented

Fin seven chapters,

L The first chapter consists of a brief review of

the earlier work In this field and the scope of the present

worlc,

The experimental techniques and the details of the

equipments used are described i1n chapter I1,






Chapter 111 consists of the studies on the melt

flow characteristics of thermoplastic NR-PP blends*

The morphology of the blends. Its effect on mecha-
nical properties and the mode of falliire of the blends under
tension, tear and abrasion are discussed In chapter 1V of

the thesis*

Chapter V contains the results of the studies on
the effect of fTillers on the technical properties and mecha-

<3 ni
nism of Ffailure of the blends*

The effect of blend ratio and extent of dynamic
crosslinMng on the dynamic mechanical properties of the

blends are discussed iIn chapter VI of the thesis*

Chapter VII consists of the results of the studies
on the molt flov characteristics and mechanism of failure
under tension, tear and abrasion of the styrenic blocX cop”
lymer, thermoplastic polyurethane and thermoplastic 1,2 poly-

butadiene elastomer*
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n.z
—ther- Thermoplaatlcs and elastomers are used In a variety

of~products that flad appllcatloa in automotive# aeronautical,
Naricultural, domestic”™ industrial and medical fields. The
large spectrum of application of these two types of materials
results from the easy and economic processing char™cteristics
of the thermoplastics and higher extents of recovery and
better dimensional stability of the elastomers over a wide
range of teriS>eratures* But, both thermoplastics and elastcw
mers have certain i1nherent drawbacks. Thus# the thermoplastics
have Iwer elasticity, flexibility and dimensional stability
at higher temperature* These materials do not withstand hi”
in5>acts. On the other hand, elastomers are hi™ly flexible,
elastic, stable and resilient, but these materials are to be
chemically crosslinlced, after the shaping operation, to
~atfin the above properties* The shaping and crossllInking

processes consume both time and energy. The waste and rejected



products cannot bo reprocej3sed, as i1t iIs done iIn the case
of themoplostic materials. The above factors led to the
concept of a nev7i doss of materials which can bo processed
and recycled like the themoplnstics and possess the elas-
tomeric char cterlstics of vulcanized rubbers. Guch
materials are kno®*™m as “Thermoplastic Elastomers* ( TPEs )e
The TPEs are capable of being moulded like thermoplastics
at suitable processing temperatures and have a measure of
resilience, recovery and flexibility associated with vulca-
nized elastomers at the normal teniperature of use, Thtis,
these materials are having properties which bridge the gap
between conventional rubber vulcanizates and the thermo-
plastics* The TPEs need no vulcanization and can be
recycled fully,
v

The elastic and mechanical properties of*vulcani-
z e elastomers are attributed to the presence of chemical
crosslinks which unite the polymer chains to form a three
dimensional network. In TPEs, this type of network is
formed by thermally labile physical forces of attraction
between the polymer chains, not through chemical bonds,
At elevsted temperatures, the theimolabile physical bonds .
break, allowing the molecules to soften and flow under shear
and to be formed like a true therrr«)plastic material. The

TPEs contain rubbery domains and resinous thennoplastic



domains. **0 thermoplTsticlty results fror\ the meltinc/

transition char ictorlsties of the hard thoxmoplastic cJomalns,

while the elastic properties arise from the rxibbery phase.
1*1 TYPQ:S 0?7 TMEAMOPL-NJTIG £EXASTCNIr3™S s

Since their introcluction in the 1960*3# TPEs have

quickly outgrown speciality markets and have rapidly poll-

fOrated both in nximber and in application. The T?E family

now consists of the styrenic block copolyraors, thermoplas”®

Netic polyolefins, thermoplastic polyurethanes, thermoplastic

polyesters and a number of emerging and borderline polymers,
The first thermoplastic elastomer to be developed was a

thermoplastic polyurethanel-2 ¢ The linear styren~dlene

"block polymer was Introduced in 19657 This was followed

Vby the introduction of radial styrene”~diene block polymer”.
-tater, the highly unsaturated diene midblock was replaced by
methylene-butylene blocks to produce thermoplastic styrene-
~ethylene butylcne-styrene block polymer”,
cr
During the same period, thermoplastic polyolefins

~“which are physical blends of polypropyl«ie (PP) and ethylene

propylene diene monomer <EPDM), were patented e The pro-
cess of making thermoplastic elastomer by grafting butyl

~xijbber onto low and high density polyethylene (LDPE and HDPE)



was reported by Hartman « Thermoplastic elastomers based
on a copolyester i.e. a crystalline polyester end an amor-
phous long chain polyester random block polymer were
developed during 1972-73"M*~"*  The latest entry into the
commercial TPE market Is syndiotactic 1,2 polybutadiene
(1,2 PB) with low crystallinitylz, even though a lerge
number of other polymers are reported to behave as theimo-

13-17,

plastic elastomers Table 1*1 gives the years In which

the various types of TPEs were Introduced™®*

1,1.1 BYWSXC REQUISEME3JTS f Sicit

H For the block oopolyner to behove es thennoplastilc
elastomer# 1t Is necessary for the two blocks to bo suffi-
ciently dissimilar for phase separation to occur# with one
phase being rich in one block having elastonerlc char™acte-
ristics and the second phase rich In a block having the

characteristics of a thexmoplastlc material* The ccnipatlbi-
11ty between the two phases is so low that phase separation
occurs even when the difference between the cohesive energy
densities is quite small* The point in the chain where the
blocks are linked together may be found at or near the inters
face between the two phases* The elastomerlc block should
have a glass transition temperature (Tg) below the tempera-
ture range In which the material Is to be used as a rubber*

On the other hand, the thermoplastic se”ent should have a



Tg or Tm woll above the rf*qulred sorvice tnmporature range.
The cl3stomaric end thomopleistlc sf?<"cnt3 are ofton refers
refl to ¢3 “soft* *hard®™ scgnants respectivrily. Due to
phase srprir“‘ition, the hard segments ~loglonGrote Into rjomains
which are dispersed in a continuous soft se”ent. Eoch of
the domain is therefore a terminal point of several hundred
elastoner chains and can bo regarded as being a pseudocross-
IInlc* The higher Tg or of the hard segment ensures that
the elastomeric polydiene centre block is effectively cross-
jlinXed until the temperature is raised high enough to cause
cthe hard donains to soften# d_iSSOCii?}e?u ar;d?htwls_ ?be capable
sof “£low during processing. On cooling”™ phase separ;rtion
loccurs and the domain structurq'is regaineqﬁaoThe complete
fraveraibillty of the interchqip_fgrcq3 onidissolution and
:recovery from solution or on hggting andnggo[ing is the
O©fundamental attribute of the ipfrmoplaﬁtic alastomers- .
tloso OF - - -
zod The olofinic thermoplasgnieﬂastgmers are either
t"physical blends of an elastomer with a crystalline polyolO-
I fin or graft copolymer of tha above two. , In these t;ilDes of
r TPEs also thi» presence of hard, glassy or niicrocrystalline
~“ndonains of the polyolefin provide stiffness and reinforcO-
tuBenttf ,but some degree of crosslinking of the elastcmer
Irphase iisproves the properties. One iIinportant advantage of
the olefinic TPEs 1is that a wide r“nge of properties can

~"si1ly be nttaincd by varying the composition of the blends.



The d@VGlOpiTk?ﬂt of t<? TPss has narrowed the gap
between rubber ana plastics procE?esing «o a h:iirline for a
nost 0f ncn-tire rubber proonjcts. They are also helping to
lure a |||rge number of plaStiC proceosers, V/ith their fastar
extruders and presses. INt0 0ld and NEW niarkets that tradl-
tlon~tlly the rubber PIOCESSEId have cornpeted for thentaelves.
These materials find applications mainly iIn those products
In which the tensile and set properties are not vary crltl-
fcal; The TPEs can be cuccessfxilly used when"nelther a
rubber nor a plastic will do and at the same”time where the
properties of both are required. They are also maMng
Inroads Into the markets previously held by vulcanized rubber
products end themoplaatlc resins. A cornparatlve evaluation
of"the properties of conventional rubber vulcanlzates with
those of thermoplastic elastomers has been mada by O"Connor
and Path1Q 0 Automotive parts are an important area for
thermgplastic elastomers since these materials are having
light weight, flexibility, iTipsct rcsistanco and vjeothor
reslstance™**™ _  Other applications of TPEs include wire

and cables, footwear, adhesives, rallpads, sealants, hoses,

tubings, sheetings, tarpv*.ullns, gears end flexible coupl-

renlc



The major assets of the TPEs are their easy proce-
ssabillty, recyclebillty and the ebsence of a vulcanisation
st”™ to dovGlcp strength. The TPEs provide a wide re.nge of
service tanperatures since the Tg of the soft segment is
normally in the range of -50® to -70®C and the of the
hard phase is iIn the range of 100® to 250°C, depending on
the type of naterlal used* But the TPBg have higher conpre-
sslon set™, low rate of recovery after large deformation#
hl1”~er rate of creep and stress relaxation compared with vul-
canized elastomers. The upper limit of service tentperature
is also a limiting factor for the application of TPEs in

many TFfields#

1,1*%4 FUTURE PROSPECTS

During 1980, when the totalconsumption of both
svibbers and plastics declined# sales of TPEs continued to
rise towards a proj-?cted vorld-wlde figure of about million
tons by 198532. The volume of thermoplastic elastomer is
J™und 4% of the total rubber consumption. However, the TPE
,consx3mption grows at a rate of about 6.5 to 10" peryear”™whlle

that of total rubber 1increases by TA per year *\ The sty-

renlc block copolymers comprise the lar”~st volume grot‘j of



the and are grov/ing at Q rate of 9-IC5i per yoVw. Tfie
polyurcth*~™no TPEs have grown at a slower rate, “he consump-
tion of polyfister <?ma polyolefin TPEs are now growing at a
faster ntp* than the ctyronlc and polyurethsne types. The
polyolcfin TpKs appear to h”™ve the best prospects for an
incre”eed rste of groxiTth. They are attractive becouse they
have potentially th« lowest cost of all the TPSs, A good
number of reviews appeared recently and they Indicate the
grovdng Importance of the TPEs and the Interest shown by
the technologists world over”@*/"*

T - Al

i",2 THrRMOPtASTic STimanc block copoLwiRs t

1*2*1 structure and Types of Stvrenic Blocks { The sty
renlc blo” copolymers that behave as thenroplastlc elasto-
mers are broadly classified as either dr type
polymers, according to the number and distribution of similar
Jrepeat units p«r molecule* In these# the styrenlc blocks
always form the hard se”™nents which act as virtual crossllinHa
by providing Junction points for the rubbery chain segnents
and as reinforcing Tiller. The soft segment may be polybuta-
dlene rubber (PER), polylsoprene rubber (IR) or ethylene-
fcwtylene blocks (EB), Correspondingly, these block polymers
®re designated as SBS, SIS and rsBS thern»opl*~stic elastomers
respectively. These block polymers may be having a linear

radial structure as shown in figure 1*1,



1,2*2 Synthesis of S'tr/rc'nic Bloclrs { The styrcric 1
polymers are synthesised by horr.ogeneoxis anionic polyrr.cri!
methods described and reviewed ty several authors4&oﬂ80
main feature of this polynorlsatlon syston is that sponti
ternlnatlons are avoided through a Judicious choice of ti
experimental conditions, thereby making it possible to cc
the block sequence and to achieve narrow molecular welghl
trlbution. The reaction nay be Initiated either by a moi
functional iInitiator such as butyl lithium or dlfunctioni
initiator such as 1,4 dillthio-1«1#4#4 tetraphenyl butam
These anionic initiators form carbanions In the presence
the*inonotner8 and suitable solvents. ,Such reactive speclt
possess a long life time and hence are termed as “living
banloa®» Depending on the functionality of the initiator
either three stage or 1:wo stage sequential process may be
followed* In the three sta”™o process# polyjtvorisatlon of
styrene monomers is Initiated by the addition of monofunc
anl<»3lc initiator* One end of the growing chain conslsti
fictlve anion onto which, additional monomers add to form
longer anionic chain* when all the added styrene monoitiej
been reacted, the butadiene monomers are added so that nx
oales of butadiene add onto the still reactive chain*

the bwitadiene molecules have been consumed, additional si
monomers are added and the reaction allowed to continue 1

€M1 the molecules have reacted* With the use of difunctd



Initiators, it is possible to complete the reaction in two
etages, polymerisation of the butndlene noncxners,

followed by polymerisation of the styrene monomers.

The radial block polymers are prepared by using
iflonofunctlonal Initiation and a subsequent coupling reaction.
In this case, the styrene monomera are polymerised first,
followed by the butadiene monomers to form a dlblock®. This
diblock is then re-ictlvely coupled with other diblocks to
form a radial block copolymer* T}ie use of polyfunctlonal
coupling agents such as dimethyl phthalate# phosphoiotis
trichloride, methyl trilchlorosilane# hexachXorodlslXane,
divinyl benzene etc*, and the factors affecting the effici-
ency and degree of the coupling reoction have been discussed

by HsiehZg and also by KortooCO- Jii, > ch

£ WZaa th
1»2«3 Structur»>Prot>ertv Relations t i”e properties of
styrenlc block copolymers depend on the compocition, morpho-
logy end type of the dlene blocks* The polystyrene and poly-
dlene are inherently incompatible, but the critical block
molecular weight retjuired for the domain fonadtion iIn SBS
block polymer was found to be greater than those required
for phase sepfiratlon to occur In a simple mixture of the oox-
mponent blocks™™”™ Holden et al™ observed a tventy fold incr-

ease In tensile strength when the con”™osition of the SBS



block coX)Iv7ter changed frcen iriolecular woicht 0f 600*>*3170-
6000 to 10000-5300CV10000, Morton et confirmed that
useful theinnoplastic elcistcxncr could be obtMiir.ed fron SEG
block copolymers \vhen the molecular weight of the polystyrene
segrtonts IS in the rsnge of 10,000 to 20,000 end that of the
polyoleno Is in the range of 40,000 to 80,000. Later work
by Krcius et al™ have shown that i1t is the length of tlie
polyatyrene blocks that exerts a strong influence on the
properties of the block polymer rather than the total molo-

cul*3r weight of the block polymer*

The monomer ratio in the block copolymer is en
important factor that exerts a significant effect on the pro-
portieo. Low polystyrene content of the block copolymer pr~
ducv>8 stress-strain properties similar to those of uncros»*
linked conventional rubbers™ twt. as th« polystyrene cont«jt
Is increased, the performance approac™hes to that of cros»-
linked rubbers* I1Polystyrene concentrations between 20 and
40?1 are usually required for getting good elactomeric proper-
ties* The morphology of the tvro-phase system alters by large
changes In the polystyrene content* Inversion of continiJOUB
phase occurs as the polystyrene content is increased™*
I>etailed stiadies of the phase morphology in solvent cast
films of SBS block copolymer have revealed five fiaidamental

structures as the polystyrene content iIs increased™"®*



These five niorpljological states are t

1) spheres of polystyrene embeded In a continuous

polybutadlene phase,

2) cylinders of polystyrene embeded In a continuous

polybutadlene phsso.

3) alternating lamellae of polystyrene and polybuta-
diene*
4) cylinders of polybutadiene enbeded iIn a continuous
polystyrene phase. ' .
m A ofltry 1=
5) spheres of polybutadiene entbeded in a continuous

polystyrene phaso*

Electron microscopy studies have given futher
evidence for the existanco of these morphological states™"",
~ertnodynamic analysis of the founation of the different types
of micelle iIn solution and calculations of the free energy
changes required to establish each microstructural form also
support the existance of the different morphological state™"™M
When the polystyrene content is iIncreased, the change frocon
one morphological state to another will not occur instantan”
ously, mxat an increasing degree of interoonnectlvity between
the domains will be developed. Electron microscopic observa-

tions made by ™arker”™ revealed that the thickness of the



lamelle i1s In the range 150A° to 500A®, whereas that of
the spherical domains ranges frcro I100A® to 3cx)ae* 1t has
also been estimated that the size of the spherical hard-
segnent domains In useful themoplastlc elastomers is
about 200A® 65,56~ Controversial observations have been
reported on the extent of phase mixing at domain bounda-
ries, Thermodynamic treatments suggest a discrete inter-
face with no intGrsegnental tnixIng®@M"AMM*A\  But evidence
for the existence of mixed interface or diffuse phase
boundaries are also available®™"1 ic..

fTted M fIMY] ]

The nature of the polydlene centro block also
affects the properties of the thermoplastic ~tyrenlc blotk
copolymers70- Doth polybutadiene an4 polylsopxene are use-
ful as the elastomerlc se”™nent and In many respects provide
.similar behaviour* Polyisoprene centre block yields a soft
material and shows reduced viscosity relative to polybuta-
dlene71‘ The unsaturation presen” in the polydiene centre
block renders the block copolymer susc”~tible to attack by
oxygen, ozone and U V IIMit* The polybutadiene and poly-
isoprene centre blocks behave differently on aging, since
polybutadiene tends to crosslink and polyisoprene tends to
undergo chain scission under the influence of the above
mentioned degrading agents* The introduction of ethylene-
butylene copolymer midblocks improves the aging, weathering

®nd heat resistance of the thermoplastic styrenlc block

copolymers considerably.



1n2.4 ComoounclIna t Thermoplastic styrenic block copo-
Ivmers allow tailoring of physical prop(?rties through comp-
ounding* Mdition of rosins such as polystyrono increases
the h<?rdness ond modulus but the tensile proportios are
largely unaffected. Paraffinic and oaphthenic oils reduce
the tensile strength and abrasion resistonce but improve

the flok¢/ characteristics. Blinding of polymers such as ethy?

lene vinyl acet-ite (BVA), EPDH, polychloroprene and polypro-

pylene with SBS block copolymer Improves its ozone resistance72

Reinforcing fillers such as carbon black and precipitated
silica are reported to reduce melt flow and tensile strength
at room temperature73- But these fillers Improve the hot
tear and tensile strength* The use of various types of anti-
oxidants and UV stabilizers to improve the aging characteris-

tics of the styrenic blocfk copolymers has been described by

Mak et
1.3 THIHItHOPLASTIC POLYURETH/N?E t
1.3.1 Structure and Types t Thermoplastic polyurethane

(TPU) 1Is a block copolymer formed by the addition reaction
%?.a dlIsocyanate with a long chain laacroglycol and a short
?@Qin glycsol which is used as a chain extender. As In the
case of the styrenic block copolymers# the themc”lastlc
elastomer characteristics of TPU results from the presence

soft and hard se”ents In the block copolymer. The soft

*



flexible chains aro formed by the rc.”ction botween the iso-
cya™it© and macroglycol and the hard se”ents by the reao-
tion between the lIsocyanate and the chain extender. The

basic re ctions involved in the formation of the TPU are

given below.

+0«C*N-R-N*C»0 + HO-----—-- OH
Macroglycol dilsocyanate short
0 0 chain dlol
u /5 rtics
e C- NH-R-KH- - 0—— CH
< The nacroglycol usually used in the above reaction
ia polyethylene adipate# polytotramethylene glycol polypro-
eV -."CNF-;."t
ylene glycol or polycaprolaetone glycol ester. The diiso-
U "yiQZ'm

| cyanate used Is diphenyl methane 4-+4Miisocyanatet while the
l. -o0d oil mfsist-"*nr
chaln extender convnonly used is 1,4 butane diol. Fbr getb*
> 'm tli:” m rolv
|ng flexible elastomer chains, the molecular weight of the
|
macroglyool should be in the range ﬂ)80 to 3000. Pthas

been postulated that intra and inter segnental hydrogen
bonding is responsible for the thermoplastic elastomer cha-

racteristics of the TPU*"“W"*W®, But studies using x-ray diff-

N < ! _ _ =

ractiwi77 and electron microscopy78 and the evaluation of
n ) ) _ .10 S (>

A an dynamic mechanical properties havs indicated the pre*

Nl - -V-

sence of domains of hi~ly crystalline regions in the polymer,

1lm mi{ -r EEN
along with the soft segnents. The regions of hsrd segments

. t\ c1?



have been found to be In tho rango of 3-100A In width -
The cr>"Stalllne renlon;? forr.ied by aggrcgatoo of the hard
segments act as crosslinks at ambient temperature and are
realis5d to contribute signlfic*intly to the elastic nature
of the TPU* The mlcrophase separation leads to the clus-
tering of the hard se™.ents and tho structure of the block
copolymer may be represented as shown In figure 1.2* The
soft cc”ent is the reaction product of isocy™nate either
with polyester or polyether type macroglycol. Depending

upon the type of polyol used, the properties of the TPU

will be varying* tion# t
;1 ;S - =
1*3*2 Pronertlea of Thermoplastic Pdlvurefﬁanea t Ther*-

moplastlc polyurethanes have excellent abrasion resistance,
load bearing capacity and genqral tou™ness* Being polar,
thede materials also possess good oil résiétance“ But they
have less heat stability and higher set* Polyester based
TW exhibits better abrasion reslstAnc®, mechanical propeiv
ties and oil resist™nce, but worse hydrolytic stability,
hGat build-up and low toinper™iture properties than polyether
oased TPUs®™®”™, Tlie Achilles heel of polyester type TPU 1is
its susceptibility to hydrolytic break down* Among the TPUs
based on polyester macroglycol, those produced from a poly-
caprolactone glycol ester show relatively high resistance

to bydrolysis* The hydrolysis reaction can occur at poly-

ester linkage or st the urethane linkage®”™"Folycarbo-



dilmlde Is found to be an effective antlhydrolysia stabl-
rL.

Itzer as It neutralises the carboxylic acid groixps which
are autocatalysts for the hydrolytic breakdown of the

polyester linkage.

TPUs are chenlcally saturated end hence are less
susceptible to ozone attack* But experiments conducted by
Wright64 have revelled that outside exposure deteriorates
the material, especially in hot and tropical climates*

The ?ailure under the above conditions occurs due to the
caombined effects of xiltravlolet radlatlon« hydrolytic and
tTir« pr- B-QVy,
microbiological attack* The microbes feed on TPU by excre*
tlon of enzymofl which catalyse hydrolytic break down* Post
curing or annealing of the TPUs i1mproves the tensile strength
and decreases creep rate and conipresslon set* Several mecha»
nlsms including stress relaxation, crossjJinkin nd rearrange-
re- - J A TnkiNGapq. fparrang
ment of the crystalline structures have beenputforward to
ter«™-n\ -u .y
?@Iglp the observed ingrease .in properties of TPt7 after post

curlna™annealing * The limitations of TPUarepoor resis-

tance to strong adds and oxygenated solvents such as ketones*

1*4 POLYESTER TFiERWQPLASTIC ELASTOMERS s
St-'- mm
, Polyester thermoplastic elastomers are segmented

<»polyethet esters formed by the melt transesterl fleatlon of



dimethyl terephthalote/ a polyalkylene ether glycol and a
short chain diol. “ITe formation of long hard segments of
crystallisable tetraip.ethylene terephthalatc (4 GT) Is
favoured by stoichiometiy and these segnents act as cross-
links that bind the soft amorphous polyalXylone ether
glycol terephthalate Into 3 network, res”~bllng that of a

conventional crosslinked elastomer#

1,4*1 Svnthf*sls of Polyester TPEs t Segr.ented poly-
ether esters are synthesised by a two step™ melt condensa-
tion process. Normally, dInothyl terephthalate (T), poly
(tetrsmetbylene ether) glycol (PTMBG) and 1,4 butane dlol
(4G6) are used for the manufacture of useful polyester ther”
nioplastlc elastomers. The molecular weight of the PTMEG is
usually In the range of 600 to 3000, In the first stage, a
prepolymer is formed by the transesterlficatlon of~dImethyl
terephthalate with a mixture of PWIEO and a stoichlanetrlic
excess of the short chain glycol (GO4 excess of hydroxyl
functionality) 1in the presence of an ester exchange catalyst
(tltanate type) at 200®0C under atmospheric pressure. The
methanol formed is fractionated from the reaction mixture.
Jhe.polycondensntlon reaction takes place during the second
staée at a temperature of 250°C and reduccd pressure. The
force for the polycondensation reaction depends on

the effective removal of 1,4 butane diol from the polymer

raelt. The resulting condensation products are random block



ccTpolymcrs which consist of crystalllsable 4GT hfird segnents
and amorphous, elastomerlc polytetrcimethylene ether tereph-
th*~ate (PTMEGT). A nttmbor average molecular weight In the
range 25,000 to 30,000 is required to get optimum physical

properties. The reactions involved are given below*

CH3"0-C>-CgHM-"0-CH2 + HO«(CH2)"0H + HO
200 C, Tltanate catalyst

Prepolymer + CIOH t ®==2"
r- f-a

250@C

+ HO- CH'- CHj-CHg-CHj-OH t

Ned 2 structur”™Prooertv Relationa t Two morphological
models have been proposed for the structure of aegnented
polyester copolymer. Celia®® suggested that continuoxas and
interpenetrating crystalline and amorphous regions exist,
vhere the randomly oriented and Interconnected lamellar hard

aegnents serve to anchor the elastomerlc portions of the



molecule and thus provide physical crosslinking* Using
electron micrographs# Celia87 has shovm that tJie hard phase
lamellae Is approxinately ICIA* In thickness, while their
length may bo upto several thousand Angstroms. The struo-
ture suggested by him is schematically shovm In figure 1*3*
But «>greriinents conducted by Seymour et al’ and Shen et al
suggest a spherulitic morphology analogous to the spmicrys-
talllne thermoplastics. Four models have been suggested by
Seymour for this spherulitic morphology# In each case, the
lamellae are formed by the 4GT hard segments, while the
Inter-radial amorphous regions are « nearly compatible mix-
ture of the soft PTMEGFT segnents and xincrystalllsed 4C7T
hard segments* The effects of copolymer cocnpoaition, modi-
fication of the 4<7T hard se”™nent and the sample processing
methods, on morphology, degree of crystallinity, nicrophase
separation and defoxtnatlon b«liavlour of the |>olyester ther-

moplastic elastomers have been reported by Mlaonitkulgoo

"The hardness of the polyester TPS depends on the
proportion OF the hard and soft segrtents* The softest one
(40 shore D) has about 3066 4GT hard sequent and the hardest
grade (72 shore D) has about 82X hard segnents* The melt-
ing point, modulus, solubility, resistance to creep and set
«re largely determined by the nature of the hard segnent and

its concentration™* As the molecular weight of the poly-



s

‘/\

5*

allcylcne ether glycol is incrcasod™the 10C% moculus passes
through a minlir.iun and the tensile strength and elongation
at brecik, 0 maxlrr.un at intcrmedictte rnoleculcr weight. The
tear strength is high and the resistance to low tensper”ture
stiffening poor at lowest rTf .EG molecular \jeight« A roole®
cular Moight in the range of 1000 to 2000 was found to give
the best balance of properties# The polyester TPEs have
better tensile properties at higher tcanperatures, lo"*"
oc»Rpression set and better chemical resistance compared
>tith 7PU of equal hardness* But like TPU# those materials
are "so susceptible to fungal attack”™ hydrolysis moi&-
pire and degradation by oxygen and UV radiation*

-r t

1*5 POLYOLKTriN TUait:OFL;A>gTIC £L*STCMgRS  t
JJUl.":
13'—- The polyolcfln based thermoplastic elastomers

are either physical blends or grafts of a thenncMlastlc
material such as PP and IIDPE with an elastomer such as EPDM
and natural rubber (WR), These meterials are prepared by
Intensive mixing of the ccraponents in an internal mixer at

high rates of shear, above the melting point of the polyo-

ieﬂo.

??7?e1 POLVOLKFIN T?IERMCPLAGTIC EL.\STOy.ER GI™-FTS | For

9®ttling therrr.oplastic elestoir.er behaviour, a graft copolymer



sboulfl have a rubbery coirponent v/hose Tg is vl below
rocsn tampereture and a bird segment whose Tg or must
be hif*Rr then th$ upper limit of servico temperature.
Ccrystalline polyners ore preferred to glassy ones for
the hard blocks since the Ttn Is usually much sharper and
well defined than Tg, Cccnposlte materials with natural
rubber chc?mic«slly bonded to a hard polvmer such as poly*
methyl methacrylate or polystyrene wore corrsnercially
produced long time backgz. Qut these materials are
%}%§S|f|ed asTPCssince the I_a%yucture of th%gﬁconsists
of e small number of very IngC?ﬁEd_Polymer chains att»»
chad to the NR backbone In an Irregular fashion# A sligh
niflcant portion of the backbone chain may not have any
graft diain at all. Thus thg %a5|cvreqU|rement for get-
tl?g thermoplastic elastoq;r 8¢%r%%§g£!§tlcs by graftlng
iIs that the graft copolymer should have a fallrly large
q%mbgr of shorthard polvme;:gbair&;?ttach%g_to .each

rubbery backbone*

1*5.1*1 Butyl Rubber s Polyethylene Grafts t Hartman
et al9 were the first to report the synthesis of a thento-
ylastlc elastomer by the grafting method. Butyl rubber
\7gs grafted onto LDPE and HDPESQsin@ brcniinated hgdroxy-
methyl phenol. Graft copolymers haying conjpositions of

725 and 50*50 polyethylene t butyl rubber were prepared



by them. The grafted material retained much of the aging
and chc?mical resistance of polyethylene and could be pro-
cessed as a thermoplastic. The stress-strain and mecha-
nical properties of these materials are close to those of
elastomers. In general, the properties of the grafted
TPEs were dependent on both the butyl rubber content and
on the type of polyethylene used. The grafted materials
containing low density polyethylene were more elastomerlc
than the high density polyethylene grafts. The limita-
tions of these materlalB are the amber colour and lack of

*snap bac3c* characteristic of trua elastomer.

1.5.1.2 Metalated Polvdiena Polystyrene Grafts t Falk
et al93 reported that polydienes may be metalated under
mild reaction conditions to form roetalated polymer with no
degradation of the polydi«ne« These metalated dienes can
Initiate the polymerisation of styrene or -methyl styrene
to form graft copolymers. Graft copolymers of polystyrene
and EP”* rubber could also be prepared by this technique.
The _physical properties of the graft copolymers are func-
tions of melecular weight of the ccHnponcnts# graft site
level and composition. Products at specific compositions
and graft levels are “thermoplastic elastoners# Their pro-
perties are reported to be comparable to those of SBS

block copolymers and they have an advantage of h1” melt

flow characteristics.



1.5.1*3 Polvt>ivNMad.acton>Sh."'s3tompr Gr~fts t Thermoplas-
tic clBstorners consisting of elastomeric base polymers graf-
ted with po] ypivalolactono poly (2-2 dimethyl proplolac-
tone)”™ h¥ive been described by several outhors™/™M~_  The
elastoraeric backbone polymer containing pendent carboxyl or
carbO3cylic acid anhydride groups are reacted with tetratutyl
aiiotonlum hydroxide In a solvating solvent such as tetrahydro-
furan. The carboxyl-tetr™butyl ammonixm ion pair then iIniti-
ates the ring opening polymerisation of pivalolactone, form-
ing the grafted copolymer. The morphology of the copolymer
consisted of discrete crystallites In a continuous elasto-
meric phase. The polyplvalolactone segments crystallize
\nh0 discontinuous domains Which become points of relnforce-
inent and crosslinlcing. The EPEW-polypivalolactone grafts
were reported to retain a good level of properties even at
160BC, The preparation and properties of polyplvalolactone
$raft copolymers based on elastomerlc polyacrylates have
been described by Caywood®*"*

t

X«5, 1«4 Nfntur?l Rubber - Polystyrene Grafts { The usual
method to prepare gr-ft copolymer thermoplastic elastomer is
to polymerise the hard segment noncmer from backbone Initia-
tion sites by ~living polymer* techniques* But the high
sensitivity of this carbanlon propagation method to the non-

6

rubber constituents present In natural rubber precludes the



eppllcotlon of this method for the prepar<:itlon of the
therwoolsstlc natural rubber grafts* Konce scientists at
The Malayasian Rubber Producers Research Association# have
adopted a different approach for the synthesis of thermo-
plastic natural rubber - polystyrene graft398f99- This
method consists of preparing side chains of the graft
copolymer as a s”™arate synthesis and then attaching the
prepolyner to the natural rubber backbone through a reac-
tive end group.
«e

The chemical reaction which has been used for
the coupling of the prepolyraer and the natural rubber bac)c-
,fne is the addition of the azodlcarboxylato function
td an allyllc double bond system* The reaction does not
rely on the presence of cat3lysts and Is relatively inset>-
sitlve to the presence of Impurities* The preparation of
the azodlcarboxylato-functional polystyrene has been descri-

IOO* The azodlcarboxylate functional

bed by Campbell et al
polystyrene having a molecular weight of 7000 to 8000 with
one fTunctional group per polymer chain can be reacted with
natural rubber either in solutlon™” or by direct mixing In
an internal mixer™"*"~ at high rates of shear and tegpera-
mre”to produce thermoplastic natural rubberwpolystyrene
Nafts* The baric reaction involved Is sch«natlcally shown

in flgxires 1*4a and 1*4b* The azodlcarboxylate functional

polystyrene is a yellow poi*a@er and can be stored for longer



perlcx”™ without the loss of grafting potential, !'lbe compo-
sition of the graft copolymer™ the efficiency of grafting,
the molecular weight of the prepolymer etc. are some of the
factors that affect the properties of the graft copolyiner*

A total polystyrene content of 405" and polystyrene molecular
velght between 7000 and 8000 were reported to give best
balance of processing characteristics and physical proper-

ties to the thermoplastic elastomer produced*

1,5,2 POLYOLEFIN THFIWOPLA.STIC ELASTOMER BLSHDS |

The ultimate goal of blending two or more polymers
Is usually a practical one of achieving materials that are
oomroerclally vlable™by virtue of having certain properties
that cannot be attained by other means or are obtained at
lower cost than other means night provide* The preparation
of TPEs by blending of polymers la the best example of the
feppltcatlon of the above principle* Thus thermoplastic
elastomers could be prepared from elastomers which are not
thermoplastic and thermoplastics that are not elastomerlic,
by the process of melt mixing under very high shearing action.
Polyolefins such as PP and HOPE# and elastomers such as HEH
end NR are usually used as the blend components. Besides
having cost advantages, thermoplastic polyolefln-elastraner

blends possess certain definite advantages over other types



of TPEs. In these typss of blends, the desired properties
can bo achieved easily by proper selection of the elasto-
mers and plastics cccnponents and their ratios in the blend*
TOr example, TPEs having a wide range of hardness could be
prepared by adjusting the proportion of the same components
of the blend. The range of hardness covered by this type

of TPEs is shown in figure 1*5»

Basic Characteristics of the Ccnrponenta i For
<g»tting a wido range of service tomperature# the elastomer
leong;>0aent of the blend shorild have a Tg as low as possible
land the TM of the polyolofin should be well above the naxl*-
ima service texnperature of the blend. Elastomers having
hlc”er extents of unsataratlon are susceptible to degrada-*
ttlon during processing and service* In this respect# EFM and
IKPCH are better than NR or PER, The Mooney viscosity of the
Elastomer also affects the processing characteristics and
~~yslcal properties of the blends* EPIM having a I-iooney
"viscosity In the range of 35 to 100 i1s reported to be suita-
ble for blending with the polyolcfins™”~* Crystalline poly*-
moleflns such as PP or HDPE are used as the thermoplastic
“eoononent of the blends* Isotactlc horoopolymer and block
~copolymer PP with roelt flow rate between 1 and 20 (230@C,
2*16 kg load) give better balance of processablllty and

physical properties, HI”er melt flow rate PP Is preferred



for waking blends requiring nore elastoncric charocterls-

tics.

Studies conducted by Coran and Patel 104,105

revealed that the properties of the TpE blends depend on
the basic characteristics such as critical surface tension
for wetting of each components, the weight fraction of crys-
tallinlty of the hard phase, the tensile strength of the
hard phase and Young®s modullus. The difference between the
«ltlcal surface tension for wetting of the plastic and
gybber relates to the Intcrfaclal surfaco energy which cor>
trols the size of the particles of one phase dispersed in
another. The lower the Interfaclal tension, the smaller
vIill be the rubber droplets and the finer tho dispersion of

rubber particles* The dispersed rubber particles can
Aconsidered as flaws In the matrix hard phase. Lower
*Mjiterfaclal tension gives smaller rubber particles and hence
histher strength. Higher strength due to smaller flaws Is

basis of the Griffth equation for material strength™A/.
The effect of large surface energy mismatch might also lead
A VVﬁ%ﬂ adhesion between phases. This could permit cavita-
N3 @ J™would interfere with the transfer of recovery stress

i“tween the rubber particles and the plastic matrix,

Crystalllnity of the polyolefin part of the blend

correlates with the stiffness of the uncrosslinked rubbep-



plastic blends* The effect of cryatallinlty on the lobd
BRarlog char-"::cterl3tlc3 of the TPE blend Is quite large,
Crystalllnity might afford a means for rather large defor-
mation In the plastic phases matrix t/hlch Is the strength
member of the coirposite structure, the deformation being
permitted without material failure or fracture. Micro-
crystalline orientation by yield and draw in the region
of a flaw can both dissipate destructive energy and give
Increased strength in the direction of orientation, Ihe

A 'ﬁgyﬁxnamure of melting of the crystalline regions deters
mines the maximum service temperature of the thermoplastic
elastctiter blends,
1«5,2,2 Conditions of Plending 1 Thermoplastic polyo-
lefln-elastoner blends are usually prepared In an internal
» I X~ under high shearing action. The. chamber and the
rotors of the internal mixer should be heated to about 100
to 120 C depending upon the type of polyolefin used for
preparing the blend, Hi”~ shearing action during blendr-
Ing builds up heat, which raises the tesmperature of the
mix to the melting point of the polyolefin, Excessive rise
in temperature beyond 200®C may cause degradation of the
elastomer component such as natural rubber. The elastomer
phase of the blend can be crosslinked during blending cpe-

ration. This process is kncv-n as "dynamic cxDsslinldng*®



tDynamic crosslinklng of tlie elastomer phase is effected

by adding crosslinklIng agents such as peroxide or sul-

phur in low concentration, after achieving iinlforra blend-
ing of the components. The blending should be continued
for some more tline so as to get uniform distribution of

m"the crossliInlced rubber particles. Antioxldanta and pro-

cess aids. If required can be added before the blend is

-Af£i”ed from the mixer. The hot blend

10

is then sheeted out

"through a two-roll mill. Elliott ! has described a pr»

<cess for the continuous production of the thoxmop™stic

atural rubber - polypropylene blends. This

is achieved
/ Nilirou™ a combination of an

internal mixer and an extruder

$«nd by adjusting the batch frequency and extruder throu™>-
> Iput.

Morphology of the Blends

two phase pol”
<"Rier blends,

it has been established that the phase in

" M~ fhest concentration tends to become a continuous phase

vhen both polymers are of a similar viscosity at the tempe-

rature and shear rate of mixing. But at similar concentra-

tions, the polymer with the lower viscosity tends to become

*the continuous phase™”. This morphology Is common with

all "“teteroger”us polymer blends df two mutually Inccmpatlble

con5>onenta. Most of the polyolefln-elastomer blends also

show similar morphological features. The main physical

factors that control the final morpholo”™ of the blends are



component ratio, their Intrinsic melt viscosity, rate of
shear during melt mixing <ind the presence of other Ingra-
dlents such as lubriccnts, extenders and fillers. Studies
conducted by Torter et al109 using phase contriist micr”
scopy on Epr”~pp blends revealed that the elastoner phase
forms the dispersed phase at lower concentrations* The
size of the dispersed particles was in the range of 0.5 to
5*0 microns. Ho has also shown that the dispersed particles
of rubber undergo deformation under high shear stress that
6Epurs during extrusion and injection moulding of the un-
,é%g;s%InXed thormgplastlc elastomer blendfi* Kresge
has reported that in EPM-PP blendij'theNFR_fgmus a continuous
phase even in bompositions of 15185-PPtE;v£:’bue to hi”or
proportion, EPM also forms a continuouskﬁhase, giving a
Structure having tiro interpenetrating continuous phases
resembling an open-celled sponge wiﬁh interconxnunlcatlng
a%%xfﬁ filled UJ with EPM. This t&pe of phaFe structure
vresultfl, due to the low«r In™t viscosity of the polyolefin
and higher proportion of the elastomer phase* The morpho-
logy of the dynamically crosslinlced thermoplastic elastancr
blends has not been well understood* However, it Is expec-
qu gyat the dispersed elastomer phase In dynamically cross-

\qued blends may be having a finer particle size and more

~distribution* This is because, the migration and

reag”™ccneratlon of this dispersed rubber particles that



ti

occur In uncrosslin“ked blonds are restricted in dynamically

crosslInked blends as observed by

1.5%2«4 Effoct of Dynamic Crosglinklng { It was
who Introduced the term Mynainic crosslinklng* for the pro-
cess of curing the elastomer phase while i1t is being melt
mixed with a thermoplastic resin, [I~ter, Fisher™* obser-
ved that dynamic crosslinking of the elastomer p>iase improved
the physical properties of the blends# especially those pej>-
iinent to the elastomeric characteristics* Usually peroxides
ir m - EEE N A
are recornmended as the crossi inking e;”nt# but Coran and

have shown that other uossXinking systems ara
also equally good* Dynamic crossXinVing of tha elastomer
6hase improves properties such as tension and ccxnpression set#
hardness# tensile strength and elongation at break of the TPE
blends* Dynamic crosslinking was reported to be helpful iIn
retaining the stiffness of the blend especially at higher
teneratures™™.  Elliott™ has reported that in harder
blends# dynamic crosslinking contributes little or not at all
to the physical properties and may damage the environmental
resistance* The thermoplastic behaviour of the blends is
retained even after crosslinking of the rubber phase because
ﬁhe crosslinked rubber remains dispersed in the continuoiis PP

matrix as very small particles*

<.



I S.2»5 Effect of CofTTDOundlng Incoredlonts s Carbon
blsclc cn<3 other fillers, which act as true reinforcing
agents of cured rubbers, do not play £iny prominent role
in lit’'sroving the strength of the therraoplastic elastomer
blends, apart from a general stiffening of the compound
and reducing the inoxild shrinkage™®. But Zoo™*" has
r*>orted that use of precipitated silica iIngproves the
abrasion resistance and tonsile and tear strength. Fill-
ers generally reduce the elongation at break and the flow
characteristics of the blends* Addition of plasticizers

[P linprovea flexibility* Addition of antioxidants are report
ted to in“rove the aging and weather resistance of the

* \ﬁ%Ekﬂends74- Ibr roaxintum protection, a combination of

or amine antioxidant and a UV absorber 1is reco-
vaaended*
mif,
Kelt Flow Characteristics t One of the roost

,IB>ortant advantages of the TPEs is that these inaterlals
can be processed Just like the thermc/Mjlasties* Hence a
reliable Jcnow/lIcdge of the rheological characteristics of
the blends overa a wide range of shear rate or stress and
teriperature is of paxarnount iraportance in predicting the
flow characteristics during processing* Oleflnic TPSs
have a relatively high melt viscosity cortoared with that
Of other thermoplastic materials* This characteristic

necessitates the use of higher processing temperatures



st*«

and pressures during the fabrication of these materials

Into useful products, These materials exhibit highly non-
Ken/tonlan flow behaviour and the nclt viscosities are highly
sensitive to rats of shear. The melt viscosities are less
sensitive to temper ature Viiriations above the melting point
of the polyolefin. This helps to maintain uniform proper-
ties despite Tluctuations In processing machine temperature.
But# this restricts the use of higher temperatures for
reduclng the melt viscosity, which Is desirable In certain
processing operations.

= In the case of EPM-PP blends PorterIog has observed
that when the blend Is flowing, the dispersed elements are
elongated at the entrance of the capillary under the action of
tﬁe longitudinal velocity gradient. The deformation and con-
%F?uent breakdown of the dispersed domains is acccn;anled by
1 COR™etetlve process of coalescence which is facilitated by
the narrowing and the turbulance of the stream at the capilla-
ry entrance. |If the extrusion rate is ,sufficiently low to
assure a laminar flew, before the exit from the capillary,
deformation process of the dispersed cofi”onent becomes predo-
ninant and brings about fine,uniform structures higlily elong-
ated iIn the extrusion direction. As the extrusion rate Is
increased, the hl”er values of shear stress facilitate the

breakdown process of the dispersed elements oriented In the



flow direction and thus producing telescopic structures

for blends of interrnediata ccmpositiona*

Goettler et al119 have shown th«it tho olefinic
thermoplastic vulcanlsates behave like highly filled fluids
during flow/* The dynamically crosslindcod blends give lower
~trudate swell compared with the uncrosslinked blends.

The viscosity follovw/s tho power law model over a wide

range of shear rate and tcnperciture. Olie loi/er die swell

is expeg_tgd to sin™lify the die design and extrg\slion sizing.
Scanning electron microscopy studies of the extrud™tes of
thermoplastic guayule rubber (GR)-HDPE blends™” hava revealed
that at higher shear rates”™ the5|ze of the CR domains Is
decreased as it w<S observed in the case of EPM-PP blends.
I\,Ijgz_)\//iscosity decreased with increaa}?_etsrinr contcnt. 3ut
FRer viscgsity of the blends vfas ftvmd to be a non-additive
Eﬁ;ﬂatlon of the viscosity of the components and It was always
Iﬂawer than that predicted by slirtile linear additivity. The
formation of a sheath and core type configuration dxiring ex-
trusion, with the component of lower viscosity forming the
~Neath, was suggested as one of the reasons for this non -
I7i.nea:’.additivi1%y of the viscosity .o.f. the thcmoplastic elas-

"Ner blends.



1,6 MISCCLLANEOU:~ “HEMWQPL.Ar.TIG £1..%STass"s |

A large ninnbor of materials other than those des-
cribsd In the previous soctlons also shox™ thorrooplastic
elastanor characteristics, Eut many of thcsn are not yet
produced on b coranercial scale* Katerlals such as ethyleno-
vinyl acetate# 1,2 polybutadlcne are produced consrercially
in limited quantities* Various types of lonic thermoplastic
elastomers, polyslloxano based TPEs# slllcon&-polyethyleno
yrafts etc* are also being tried in this fTield*

A - A

1*6*1 Ethvlene»VInvl Acetate Copolymer t Ethylene and
vinyl acetate can copolymerlsa to give polymers having a wide
range of composition ratios* But copolymers having 10 to 40P6
Vinyl acQtato cont”™t only# come under thermoplastic elasto-
Silar grade* Higher vinyl acetate content reduces the crysta-
I1Inlty of the polyethylene and the material beccntes corople-
tely amorphous* Another factor affecting the properties of
the copolymer is molecular wel”~t* An increase In molecular
welQ™Mit Increases the viscosity, softening point# impact
strength# tensile strength and resistance to chemicals* Coxn-
pared to polyethylene# these materials have better flexibility#
tou™ness end clarity, but have lower dielectric properties,

chemical resistance and heat resistance*



1*6.2 lonic Thonnonlantic HIr™tomers s lonioolly

bonded TPSs are copolync™rs primarily conrposed of ethylcna
molecules With a small eir.out of a second monomer which
contains c-irboxyllc acid groups, "“Yen thia rr.atcrial is
blended with mot*il oxides or salts# ionic crosslinks are
fonned, which are strong at normal room temperature but

vhich disappear on heating. The second monomer used Is
either acrylic acid or methacrylic acid and the quantity of
these groups In the copolymer varies {{CSN 2 to 1004, The use
8£ laonovalent salts to noutralise these carboxylat*?d rubbers
TlLppareatly gives rise to a modest loolc crossltn.)cs at arobleat
ten5)oratares but, if heated to 100”"C, this structure is disso-
«1ated* Use of divalent metal salts gives a network that is
considerably stronger* lonomers such as zinc sulfonated cm:
also shoii the thermoplastic elastomer characteristics, due to
the presence of metal sulfonate groups which are temperature
dependent* High temperature and shear dissociate the ionic
bonds, thus raaXlng it easy for processing by extrusion and
Injection moulding techniques. The disadvantages of these
types of TPEs are higher con”™resslon set, higher stress

Srelaxatlon and limited upper use temperature range.

Z.6»3 golvsiloxano Based ThormoDlastic Elastcmer « Block
Copolymers consisting of short blocks of polystyrene and poly-
ttimfethyl Bl loxane behave as TPEs having ~jod low teniperature

~MiGxibllity, excellent electrical properties and weather



resistnnce. In those types of TPEs, the hard and soft
ggAgAnts altcrnc-to S1X to ol”ht tinges, unliko the SBS
tribloclcs. The hard segnenta should have a nolecmlar
weight of 4000 to 15#000 to gst good bal™nco of procc3d -
Ing and physical prtjpertlos. The styrene content usually
ranges from 20 to 5», Use of ™-methyl styrene blocks In
place of polystyrene provides better tensile properties

at a given tGrrporature, Block copolymers having an elas-
tomer block of polydirnethyl sllopcane and a hard block
coiT”sed of poly (blsphenol A carbonate) also show TPE cha*
racterlstlcs* Polycarbonate contents In these materials
range from 35 to 5C58# Depending on the polycarbonate con-
tent# the properties of the block copolymer change widely#
Block copolymers based on a polysulfone hard block and a
slloxane soft block are also having the properties of

~thermoplastic elastomers*

Thermoplastic 1<2 Polvbutadlene Elastomer s Poly-
butadiene having 1,2 content greater than 9C” and crystalli-
nity in the range 15 to 25% behaves as a thermoplastic elaa-
tomer. This iriEtcrlal is prepared by solution polymerisation
using Sieglar~type catalyst Dystem. Thermoplastic 1,2 pol”
butadiene is having a softening point of 60-90®C and is more
flexible than LDPS. It can be sulphur vtalcanlsed and is

having very good ozone and weather resistance. The film pr~



pared from this material is having better transparency,
higher gas penneabillty, high tear resistance and

coefficient of friction compared to those of LDPS and

EVA,
ot 0t applioitdLwn
» Nl - ilejci .r —id -.I¢ th* wdl-
A - r.nin . C¥InC™c0 r.lcjri,
‘uafcia ror,‘YXtion on th\" "nechartittn c
T by

'Z0CTti-



1,7 SCOPE OP TKK PRESE?.T iSORK |

From the foregoing diacussion, it Is clear that
most of the previous work on thcrmoplactic elastomers have
been concentrated on the method of preparation and evalua-
tion of the physical properties of these materials. For
improving the service performance of any material# a
thorough understanding of the mechanlsni of failure of the
material under different conditions of service Is quite
~essential. The major fields of application of the TPEs
are mechanical moulded goods and footvear, wherein factors
;?h,as flexing, tear and wear are the mala criteria lead-
*Eng to failure of the product* Examination of the failure
,ﬁ?ﬁﬁ%ces of rubber vulcanizates# plastic materials and

*epé&y resins using scanning electron microscope had provl-
ded va!uable information on the mechanism of failure and
tﬁé mechanism of toughening of plastics by elastomer parti-

: N cles , But the mechanism of failure of TPEs has
received little attention so far. Since these materials
are being tried for new fields of application day by day,
studies on the mechnism of failure shall be highly reward-
lag towards the development of new products from the TPEs

- ﬁ@d also for the modification of the TPEs to meet rigorous

e service conditions.



Cnc of the ImportCint e’ventcigos of tho (V" 0VVX
the conventional cl ictoniom Is that theso materials can be
processed just like the themoplastlcs. To tav.e full advan-
tage of this chnr-cterlstlc of the TPEs# It Is essential
tliat the processing condlticnG selected and the erruipnent
used should bo stnndsrdisod to give msxlmmjin output. This
can be achieved only through an understanding of the melt
flow bf"haviour of the material under different conditions
0f terrper™iturc and rat®© of shear. So far# no systeniatlc

study on TPITs has been conducted. -~

The performance of polymer blonds under static
- rend dynamic conditions shall depend on tho morphology of
y the blends* In the ease of TPSs which form a two-phase

structure, the factors affecting the performance under dyn”

i_ mlc-con itions Eave not been fully evaluated, even though
¥ some stuldios on the dynamic mechanical properties of styre-
* nlc blocit copolymers have been reported” 1 he nor*

» mP~Mwlogj”propcrty relations of thermoplastic elastcmer blends
ere also not well understood so far. This thesis presents
the rcjsults of the Investigations on the above aspects of
the thermoplnstic elastomers. ®;173sls has been given for
the studies on thermoplastic elastomers from natural rubbep-
polypropylene blends, since both the ooirponcnts ere indigo

nously available and these types of blends aro expected to

~M®come the le?ding ones cmong thermoplastic elTistOTiors In
Mure.
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f Sl Tvpe Year
f f_|0' yp
1 Thermoplastic Polyurethane 1958
-— Elastomer -
2. styrene-Butadiene-Styrene/ 1965

Styrene-Isoprene-Styrene

Block Copolymer

B « KBtyjAen€AButadiene—Styren%%

4« Styrene~Ethylene 23utylen” ° 1972

A md
- . Styrene Block Copolymer L

5» yPolyolefins~ttlastomers”™ends 5972

\rr
B« Polyester Bloc” Coi>olym«r 1972

7« 172 Polybuta<blene 1975
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Company

Bayer G

Shell Chemicals

Phylllps Petroleum

Company,

AShell Chemicals
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"AWilronX
-Du Pont

Japanese Synthetic

Rubber Cwnpany
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Linear SBS type

Radial (letrachain) SBS type

PI1G.1,1 SCHEMATIC REPRESENTATION OF SBS BLOCK
COPOLYMERS.
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FIC«*X*3 schematic diagram ofproposed morphology: 40T seg-
ment. 4 * —PTMEGTsegment(A) crystaHin*domain iB)junctiori ofcrys:at-
line lamellae iC) non-crystalline 4CT segment. Only one chain shown tor
simplicity



Unmodified NR Chain.
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Reactive Prepolymer.
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Graft Product. I >|< g
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(i>an adylic lioiihfv hi<n syMem.
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EXPERIM2NTAL TBCMIIOUES



MFC.

The details of the materials used and the experi-
~“Rental techniques adopted in the present Investigation are

given In this chapter*

MATERLLALS USED t
1

Natural Rubber t The natural rubber used vas
cmrab rubber, as obtained from the Rubber Research Institute
of ]ndia, Kbttayam. This rubber satisfied the Indian stan-
aéfd specifications for ISNR-5 grade natural rubber. The
specification parameters and their limits for the ISNR-5
Qrade natural rubber are given in table Il.!= Since the
~»1c properties such as molecular weight, molecular weight
<3lstrlbutlon and the contents of non*rubber constituents of

natural rubber are affected by clonal variation, season#



use of yl€ilki stimulants and mGtho<ls of preparation

xubbei”™ from the same lot has been used In a particular

PolvproDVlene t The polypropylene used was iso-
tactic polypropylene, Koylene M0O030, as obtained fron the
Indian Petrochemicals Corporation Limited, Vadodara. The

properties of Koylene MOO30 are given in table XI.2*

The basic characteristics of the natural rubber
~nnd the polypropylene used In the present Investigation

“®ygre given in table 11*3«

y*' Stvrene*Putadlene»Stvrene Block Copolvmer t SBS
~lock copolymer having styrene/butadiene ratio 48/52 and
containing about 10% by weight amorphous silica fKraton D
T°5152), was received frcw M/s* Shell Chemical Company, U,S*A,
s.
H* 1«4 Stvrene~lsoprene-Stvrene Block CoTX)lvmer t SIS
block copolymer having styrene/isoprene ratio 14/36 (Kraton

D 1107), was received from H/s" shell Chemical Company,

( f-

Therm oolastic Polyurethane Elastom ?*r t Arom atic

type thermoplastic jx“lyurethene elastomer (Estane 5715),



roanufcctured by vzs. n.F. Gooarich conipany, U.S.".. v/as

received from K/s. Henrrel v:atcrproof Viorkis Ltd., Calcutta,

JXx, 1,6 1*2"T>olvbutadtene \ TI-1ermoplGstic 1,2-polybuta-
dlene elastomer having 1,2-content about 9CfA ar.d doqgrse of
crystalllnlty 2/1 (J5R RBQ20) manufactured by M/s. Japanese
Synthetic Rubber Company, Japan, was recGlved from Msm Bengal

Waterproof Vorks ttd., Calcutta.

1J1.*1,7 Rubber C.hemicalo t Accelerators N-cyclohexyl-2~
beﬁzotblazole sulphonamlde and tetritmethylthiuram disulphlde,
were cotsnerclal grades obtained from Indian Explosives
ttd. T Rishra. Dicximyl peroxide containing 40% active Ingre-
dient was obtained from JVs, Bengal Waterproof Works Ltd««

Calcutta,

X1«1,6 Fillers t High abrasion furnace blac)c (N330) was
supplied by H/s, Phillips Carbon Blacks Ltd*# Durgapur and
precipitated allica, Vulcasil-S, was obtained frcm M/s* Modi

JMibber Ltd., Hodipuram,

Othgr ChernleQla t - Zinc oxide ( » 5.5), stearic
Acid ( Ps 0,92) and elemental sulphur { m1,9) used in
the present study were chemically pure grade*



Il 1*10 Srtr;clal ChewlccTla t The silane coupling

used w33 Skob% r Bis (triethoxysllylprDpyl) tetrasulphlde J
oi™ainG™ from M/s. Modi P°ubber Limited, Kodlpurom.

11,1#11 solvents : Benzene and toluene used were of

analytical grade.

Ji*2 PREPAR; .Tia™ OF THg BLENDS
z%d_ Composition of the Blenda \' The composition, of
Jhe o 7N N

he thermg™lastic PP-NR blends prepared for evaluation under
ibhe present study are given In table ll«4« The PPINR ratio
" has been varied from 70130 to 30170# since the blends iIn
" this range are expected to behave as thermoplastic elast”

tners* Bor ootr;narlson" the pure components have also been
- |

"evaluated wherever rectulred* In those blends In which the

2 C*- > i
effect of HAP black has been evaluated™ the blacX was loaded

at 50 parts per hundred parts of natural rubber and In the
case of silica filler, only 20 parts per hundred rubber was
used. The dosage of sllane coupling agent was 54 by weight

of silica filler.

N*F2.2 Cure Svatema 1 The dosage of curing systems has

been selected as shown in table 11*4# so that only low

r - -4

extent of crossllnklng was effected in the rubber phase and



also the vulcanization process during blending cculd te
conipleted within to three minutes. The cure systcnis
were heat resistant and hence were stable during further
processing at higher temperstures. The rhcrographs presented
in figure 11*1 illustrate the above features of taio selec-
ted cure systems* Different extents of degree of crosslink-
Ing could not be obtained using a single cure system since
dosages of DCP affected the physical properties and
Jiljjher sulphur dosses affected the procosoabillty. All the
Lngredlents except DCP have been added In masterbatch fona#

90 as to get uniform distribution of the ingredients*

NM«2«3 Desionatlon of the Blends s The blend ratios are
designated by A, b, C, D, T and G* I-etters U, D, K and 3
~jlch Zollow denote the curing system. Blends containing
2~ blacV, silica or silane coupling agent are denoted by
fetters H, si and X respectively, after the letter Indica-
ting the cure system. Thus, blend BMSiX Indicates that the
blend ratio Is 70*30 PPINR, the curing system used is a
mixed one and that thp blend contains 20 phr silica and a

silane coupling agent at a lo<"iding of 53 by weight of

silica filler,

11,2,4 Blending Process 1 Blends of KR and PP were pr~

pared In a Brab*?nder Plastl-corder, niodol PLE 330, using a



cam-type mixer with a rotor sp™ed of 60 rpm and mixer charrw
ber terr?>erature set at 130*C, This equipment vas having
facilities to record the torque generated and the stock
temperature, continuously throughout the mixing cycle* PP
was melted iIn the mixer for one minute and then NR was added
and the mix was allowed to blend for four minutes* At the
inis of five minutes, curatives were added and the mixing
Sontinued for three more minutes. For the uncrosslinked
blends also, the total blending time was kept the same as
for the dynamically crosslinked blen™« The blend was
€aken out from the Plastl-corder and passed through a lab”
ratory mill at 2*0 rm nip setting* The"sheeted material
was cut into small pieces and again mixed in the Plastl*

corder at 160®C for one minute and then finally sheeted out

i ik )

‘Wrou”™ the mill# whilXe the blend is still hot* ~his second

f fiimding step was found to be necessary for getting unlfoxm

1isp“ersion of the ingredients* In the case of blends con-
1r:‘—.<';ining "DCP and sulplTur, Xx;CP was added after four minutes
blending of NR and PP and the blending continued for one
minute after adding DCP, Kext# other ingredients were added.
AN lcal plastographs obtained from this type of blending are

abown in Ffigure 11*2.

11.2%5 Heltinc of Commercial TPSs * The pellet form of

the SIS, TPU and 1,2PB v:ere melted in the Plasti-corder



at 180™* four minutes, at a rotor speed of 60 rpm.
The rikK>lten mass vjas then sheeted out through a laboratory

mill at 2,0 mm nip setting.

1X,2*6 >"ouldina of Tp?st samDles t The sheeted out
sample was compression moulded in an eletrically heated
hydraulic press at 2C0"C for three minutes, to get sheets
of 15 X 15 X 0,2 cm size* Tost samples for abrasion resis-
ﬁance test and for the evaluation of dynamic mechanical
~Nopertles were directly moulded jout. The mould used was
J~rovided with bolts and nuts so that the material inside
could be held under pressure even after taHing out the
mould from the press. After completing the moulding time#
the sample, ?till under compression, was iinnediately cooled
by plunging the mould in cold water* This treatment was
adopted to avoid the possible”™ degradation of ~the natural
“bber phase under high temperature exposure for longer peri-
ods. Aluminium foils were used between the mould surfaces

and the san™le, to reduce shrink marks on the sheets.

3M.3 PASICM. TEST METHODS %

For the tests gescribed b~Mow, at leaat three
specimens per sample were tested for each property and the

>nean values are reported.



X l«3«l Tensile S-trQ.ncrth and Elonrratlon at. t
In the present WOrX, tliese tests were carried out according
to ASIt-i P 412-00 test metliod, using dumbbell shaped test
pieces* 'The test pieces v?ero punched out frcm the moulded
sheets using C-type die, along the mill grain direction of
'the sheets. The thickness of the narrow portion of the spe-
cimen was measured using a bench thlclcness gauge* The sped-*
snens were tested in an Instron Universal Testing Machine
<UTM), model 1195, at 25 2@C and at a cross-head speed of
SO*BIB per minute. The elongation at breaX was measured
Nsihg an extenslometer <ittached to the UTM. The load and the
Ibngation at break were recorded on a strip chart recorder*
The machine used was having a sensitivity of 0*5H of the full
licale load* Prom the recorded load, the stress was calculated
i~"sed on the original cross-sectional area of the test speci-
- The modulus and tensile strength ore reported in KPa

p?" And the elongation at break In percentage of original length.

N1*3*2 Tear Resistance 1 The tear resistance of the
aamjles was tested as per ASTK D 624-81 test rcethod, using
N Winlbked 90™ angle test specimens which were punched out
the moulded sheets, along the mill grain direction.
~1s test was elso carried out iIn the Instron UTfl, at a
cross-head speed of 500 ma per minute and at 25 + 2BC, The

tear strength values are reported In kN/m,



Hardness 1 The hardness of the samples was
measured as per AS5TW D 2240-81 test method using a Shore
~_~ype Durometer, which employs a calibrated spring to
provide the indenting force. Since the hardness readings
decreased with time after Tirm contact between the inden-
tor and the sample, the readings were talcen immecJiately

after the establishment of firm contact.

11*3.4 Abrasion Resistance t The abrasion resistance

"of the camples was tested using a Du Pont Abrader. In this
"vachine# tt/o t*/st pleccs# eech having 2 cm square surface#
ﬁrg s?multaneously held against an abrasive paper disc which
gg£5tes at a speed of 40 rpm. The normal load on the samples
was 3.26 kg and the silicon carbide abrasive naper used for
~the test was of grain size 320. The samples were abraded
;-£or 10 min after an initial conditioning period of 5 min.
Separate abrasive discs were used for gach sémple. The
kbggsion loss of the samples was calculated and expressed

volume loss incmh .

N1*3.5 Tension Set ! Tension set is described as the
extension remaining after a specirren has been stretched and
allowed to retnct in a specified manner, expressed as a
percentage of the original length. The test was conducted

per AsTM D 412-80 test method. Dumbbell shar>ed test



pieces were used for this test. Bench marks were given at
<the narrow portion of the dumbbell at one inch apart (l0).
The t/st piece was ten clrimped on the grips of the Instron
W1 and stretched to loai elongation within 15 sec. It was
held In that position for 10 min and quickly released wit3>-
~Nout allowing it to snap back* The aarr™le was allov/ed to
rest for 10 min and the distance between the beoch marks

measured (1)* The tension set is calculated as

( ) X 1loo n-0

i~ 11«3.6 Flexural Modulus t The flexural modulus was

- tested as per AsiM D 790-71 test method. A three point
loading system”™ utilizing centre loading on a supported

N o ean™ was used for carrying out the test* The radius of

~“the loading nose was 3.2 mm so as to avoid excessive Inden-
xation directly under the loading nose* The test speciirens
were die-cut fron the moulded sheets of about 2.5 ran thr\iclt-
ness. The breadth and length of the specimens used were
25 irra and 60 mm respectively. The support* span was 40 xmi
and the test was conducted at 25 + 20C. The load was
?rpplied on the sainple using the moving cros™head of the
~nstron UTW and the rate of cros»-head reotion was 1«0 an

minute. From the load-deflection curves that were



recorded on the chart# the flexural modulus was calculated

using the following equation.

3PL
ohd =

<WV.
- Jun - 2
Vwheren® = S a Stress at mid span# N/m
Ox p s Load at any point on the load-deflection
curve# N,
m  Support span# m.
b m Width of the beam tested#“m.

d n» Depth of the beam tested# m.

XX»3«7 Tensile Impact Snerqy » Ihe tensile linpact
fkJorgy to break the sanple WdS determined as per DIN 53448
~ftst method* The energy utilised to break d test specimen
method Is delivered by\/ single swing of d calibra-
ted"pendulum of a standarlsed tenslon-Impact marine. The
\%achlne used In the present investigations was a Ceast 6545/
w O model tensile ImpNIct tester. The principle Involved In
this test Is to measure the energy# to fracture by strock in
twslon. In the form of the kinetic energy extracted from
pendullum of the Impact machine# iIn the process of break-
ing the specimen. Short dumbbell shaped samples of 2*0 mm
.thiclaiQss were used iIn the present study as the extension

the sample during testing is comparatively low in this



type of specimens* The porifrulun used could dollvor an
energy of 7-5 gf-2od of travel was 3.7 m SECTm
One end of the test spGcimen was gripped by a fixed chuck
of such a size and shape thfit the falling pendullum passes
unhindered down past the fixed chuck tut was fImly arres-
~ ted by the larger chuck which simply grips the other end
of the specimen* The tensile irrpact energy of the speci-
Eﬁ}aa1could be directly road from the instrument# at the

nstant of impact of thio pendulixm on the large chuck that

Ids the free end of the specimen and it Is expressed as

DYtimiC HEQI/VNICAL PROPERTIES |

The dynamic mechanical properties of the therrao-
fplastic NRMPP blends were measur%f using a Rheovibron DDV
R A schismatic diagram of the iInstrument is given in
figure 11,3a, The extension modulus and loss angle under
.slnhueoit™al deformation at various frequencies and ampli-
tudes can be determined using this csqulpment. The environ-
Mm=n«ital chamber allows the testing to be carried out at a
- wide range of temperatures. Yielding of the sample,
shown in figure 11*3bf occurs in the holder clamps*

Corrections for this were made in the calculations as per

the method suggested by MorawskI™”_.  Moulded samples of



dimepsions 7 x 1 x 0,5 ¢m vjhere used for testing. The
sainples were tested at a Strain anplituds of 0,0025 an
end St a frequency 0f 35 Hs, The heating rcte of the
fiales rise in tenpGr:iture PEr minute. The
complex modulus E* Was calculated using the following

m/\sgation.

L ®AL) X 2
E* 8(X sXA(D- K <‘37n03//cm 11,2

~rvriere* E* a Dynamic complex moduliia
h M Length of the sample bet:ween the clamps
- M M oscillating displacem™t
c- ,
S X Cross-sectional area of the sample
, IAtC.
} - A M Amplitude factor
vrn D M value of d*amic force dial
nt re K Error constant*

Praraineters A, ) and cfF (loss angle) can be directly read
Using thfe instrument,

>

r The storage i1tcdulus E* and loss modulus PB* are

obtained frcm E* and 6 using the following equations™®

E” « E* sIncT

E* « E* coscf



The loss tangent, tancT « indicates the d"jrping

characteristics of the material.

11.5 MELT TICT4 sTuaiss

Egmipment Details 1 The taelt flow studies were
carried out using a capillary rheometer MC31 3210 attached
to an Instron UTM, model 1195. The extrusion assembly con-

N slots of a barrel# made of hardened steel mounted on a
,al "pport# underneath the”moving cross-head of the
~NstroQ A hardftned steel plunger# vhich is accurately
mnd to fit Inside the barrel#” Is driven by the moving
croa»-head of the machine. The _plunger is held to the
N load cell extension with the help of a latch assembly*
barrel 1Is mounted on a ball and socket system on the
x iIrt# so that the sys_tem will be self-aligning* The
Mpillary is inserted at the bottoiQ of the barrel and is
Z\pC'kA using a clanging nut* The capillary is made of
tungsten carbide material* A teflon O»ring around the
capillary prevents leakage of the material through the gap
I"tween the barrel and the capillary* An O»ring and a
| ring were also used on the plunger so that the ccmb-
Inatl”™ acted as a piston seal* “"The barrel was heated
>SANRINNNT1yYy using a three zone " -arperature Cf'\ntrol system*

I % e TfSIfference between the successive tenperature zones 1in

%



the barrel was kept at 5°C and the temperature of the lower
zone# where the capillary Is located# Is taken as the test

tet™erature* tie details of the capillary are sho\" In

figure 11«4*

The moving croas-head of the Instron UTM runs
vthe plunger at a constant speed Irrespective of the load on
the melt# maintaining constant volximetric flow rate through
the capillary. Using the Instron machine# the cross-head
Speed can bo verled from 0»5 imvAnin to 500 in™min# giving a
~«ihear rate range of 3 sec*” to 3000 aoc*™™ for a capillary
1/D = 40* Forces corresponding to specific plunger speeds
vere recorded on a strip chart recorder* This was then con-
i/ Terted iInto the shear stress,
4
o5*2 Test Procedure t San™le for testing was placed
~ inside the barrel which was maintained at the test tempera-
’tore* The sample was forccd down to the capillary using
the plunger attached to the moving cross-head. After a
warming ﬂp period of five minutes# the melt Was extruded
throu” the capillary at pro-selccted speeds of the cross-
Je«d. The melt height in the barrel before e::truslon was
L kept the .same in all the experiments and the machine was
e

Qpérated to give fTive different plunger speeds from lover

~ higher speeds# with a single charge of the i~terial.



Each plunger cpeGd was continued until the recDrdcd force
was ;TfltablXlzed» before changing to the next cpced. Forces
corresponding to specific plnnger speeds wore recorded.

The force and cross-head speed were converted Into apparent
~Nshear stress < shear rate () at wall by using the
following ©guations Involving the geometry of the capillary

JYand the plunger.

"T 11.5

. 11*6

P m Fqrce applied aﬁ_oa Earticular shear rate

Ap M Cross-sectional area of the plunger
w;,— -—-1Mltv ot flulr: £.* i

L«xgth of the capillary
¥, % Diameter of the capillary

Q » Volume flotT r™te
n “  Flow behavioqr index, defined by
"m b A
ddog ™) / d(log

Apparent wall shear rate*

Was determined by regression analysis of the values of



and | a obtained from the experimental data. The statis-
tical analysis of the data Indicated that the coefficient
of detennlnatlon of the system was beyond 0,95« The shear

viscosity"ll was calculated as *

A It was shown earlier that the shear stress at

vail need be corrected for end corrections as suggested by
= But this end correction factor diminishes as

N €hi I~7gth to diameter ratio Increases and for a capillary

m-ng 1/d ratio of 4<~, 3" is assumed that the correo-

lon factor is negligible# The capillary used in the pre-

€ Investigations was having .1/d of 40* The following

sumptions were also rood® for the analysis of the data 1

n r flow Is parallel to the axis#
the]#glocity of any fTluid element 1s a fun”™ion
“eof radius only® giving axial synsnetry®
n Ib - - fluid is Inoampres3|b|e»
the fluid velocity is zero at the wall« 1.e.
there Is no slip at the wall,
- ®11 energy Is consumed within the capillary

and the flow is Isothermal.
m .

m j?xtrudate tSwell t ISctrudata sv:ell wascaressed

the ratio of the diameter of the extrudate to that of the



caplllsi™y used. The extrudstsr emerging out from the capi-
yioo COllected without any defoxm™itlon. “lhe Orlameter
of the extrudatG wos measured after 24 hours rest period,
using Olymoup stereo-binocular niicrosccpG, model VE454, at
geyersl points on the extrudate. The overdge value of
tf,i*ve readlngss was ta)cen ac the diameter (d ) of the extrti-
date and the swell Ing index was calculated as where

1(2 Is the diameter pf tlie capillary* For each blend, the
[

ir"extruc‘?—te swell at three different shear roites was deter-

DETERMINATION OF VOLUn'\iE FRACTION OP RUBBER |
The volume fraction of rubber# Vr, In the solvc-nt
>llen samples of rubber vulcanlzates GD, GK and GS and
at ?f the blends FD, FM and PS which contained higher pfbp-
rtién of the elastomer phase was determined by using the
equlllbrlium swelling method* Sarnples of approxliriately 10 =
N diameter and 2.5 Im thickness were punched out from the ccn-
txal portion of the moulded sheets end allo"./ed to evjell iIn
~1ophene-free bonsene containing 0.5 per cent phenyl-3-
faaphthylainine at 35 + 0,l®C in boiling tubes, kept Inrcersed
~ In e thermostatically controlled water J>ath* Swollen sanrples
> 1750 ®fter 1,2,3,5,9,14,24,36 and 48 hours of

N in benzene end the surfaces blotted v;ith filter



paper and quickly weighed In stoppered weighing bottles,
Xt was observed t™it 48 hours were required In most of

the cases to attain equilibrium swelling, iiaimples were
then dried In an air oven set at 70°C, for 24 hours and
then In vacuum# The dried samples were weighed accura-
tely# after cooling iIn a desiccator, IXtplicate readings
were tahen for each sample. The Vr values calculated

1jsingthe method reported by £111ls and Welding131 The

equations used for calculating the Vr values are given
X

Olf« 0
JOa v
D- PT) @l ir-
Vr ' n,7
(1VFD) + AO T

Vv

Initial wei”™t of the test specimen#
D B X)eswollen weight of the test specimen.
F = The wel~>t fraction insoluble coinponentst#
Ao o Wel”~t of the absorbed solvent, corrected
for swelling increment,
Density of rubber,

IDensity of solvent*

;v the experimental data, the value of M can easily be

" _calculated as described belarf.



The weight of the solvent absorbed at any time

t* Is given by 1

we - n where St I thf? swollen weight of
the san™le at time *t** |ITf the emiillbrlum time Is taken
Q8 *' hours# the percentage Increment <3 after *X'' hours

is calculated from the equation*

;00 WOj.
X WO

where# Wo is the weight of the solvent absorbed per gram
olf the sample in the absence of swelling increment* Wo Is
obtained from a plot of against , by extrapolating
the tftrai”™t line to zero tIniA* The”value of Ao is then
~ven by »

par-.,- -

Ac « A, Q- ) n,9

vhere# A is the wel”~t of the solvent absorbed after *x*
hours iranersion# and iIs equal to <s - D)* S 1Is the

LN P T .
~swollen wel~t of the sarnie after *x* hours*

e'f MORPHOLOGY STUDY



iT:i>ber phase of the uncmsslinked blends was extracted
[ising toluene* Koulded samples of the blends were cut
taslng a Bright Cryostat MIcrotom# after cooling the samples
to below -80®C, -using liquid nitrogen. The mlcrotcmed edi®
Qf the sarople was )cept lumersed In toluene at 35 + IC, for
1 seven days* The solvent was changed after every 6 hours*
~"ftcr seven days of immersion™ the sample was dried iIn an
' * ov”™ @t 40 + 1C* The extracted edge of the sample was

iued under a Philips 50 model# scanning electron micro-

SCANNING ELECTRON MICROSCOPY STUDIES

Scanning electron microscopy (SEM) has been cuce-
ftilly used for studying the failure surfaces O“rubber

132m138 _

Sites It has also been found to be a valualoie
>l tn studying the phase morphology of high impact strei>-

W ’}_1,(‘ blends of PP and In \ising the SEM, the
m sample preparation is quite simple, unlike in other mlcro®
ecopes and it presents a physical picture of the fracture
="urffCes under investigation* But care should be taken to
:e”™ the sample undisturbed# in dust”free atmosjjhere after

ﬂluj:e- Due to non-conducting nature of the rublser and

®*ttcs surfaces, the fracture surfaces shall be coated

>i” ~ conducting inaterial such as gold or copper*



JJ QAi pringinle of the SEM [ The principle of tho
working of the SM is sho\"™ In figure 11.5. Electrons
from sn mission source or fTllainGnt are RccelGrnted by
voltage usually iIn the range of 1 to 30 KV and are direc-

ted JOWN to the centre of an eloctron-optlccil column con-

rcodm
sisting of two to three magnetic lenses. These lenses

cause a fine electron beam to be focussed onto the specl-
:A\hq?_purfoce# Scanning colls placed before the final lena
caﬁsgﬁthe electron spot to be scanned across the specimen
xfre 1n the form of a square raster, similar to that
t?fFeIeYlslon screen. The currents passing through the
mning”~TOils are made to pass through tho corresponding
~f~ection colls of a cathode ray tube, so as to produce
W»Imilar but larger raster on the viewing screen iIn a

idePnops manner .
%

) I

The electron beam incident on the specimen sur-

causes various phenomena, of which the omission of

ej~yndary electrons Is used In SSM. The emitted electrons

the collector and the resulting current is ampli-

used to modulate the brightness of the cathode

time for the emission and collection of

electrons is negligibly small compared with the

ttoe for the scanning of the incident electron beam across

surface* Hence there iIs a one-to-one corresixsndance



between the number of SeCONdary electrons collected from
any particular point of the specimen surf-“ce ar; the
bri~“tness of the analogous point on the screen, and thus

an image of the surface is progressively built up on the

screen*

In SiiM, the L1.7age n3gnlfication iIs determined
solely by the ratio of the sizes of the rasters on the
screen and on the specimen surface. In order to iIncrease
the magnification# It is only necessary to reduce the
currents i1In the sa”™ scanning coils. As a consequence of
this, It Is easy to obtain high magnifications in SSW,
while for very low magnifications of 10X, i1t would be
necessary to scan a specimen, approximately 10 na across
and this presents difficulties because of the large defle”

tlon angles recjuired.

v~cannlnc the Fracture Surfaces t The
observations reportod in the pre3ent Investigations VZere
R*ade using a Philips 500 model scanning electron micro-
scope, The fracture surfaces of the samples were care-
fvilly cut cut ficjn the failed test pieces without distur-
bing the surface* These siirfaces were then sputter coated
with gola Vithin 24 hours of testing. The S3-J observatl —ns

Were made as early as possible, but not later than one



weeX after gold coating#. The tilt ws kept in all
cases, unless spcclficd other*.-/IsG. "I"o rjold coated
san5>les were kept only In desiccators before the 331
observations were made, “c-rlier studios have shovm that

" storage of fractured specimens for one week before gold
coating snd upto a period of one month after gold coating

- ~es not alter the fracture surface topography as observed
In SO1* The shapes of the test specir.ons, directions of
the applied force and abrassion and the portions frcm

. "ere the surfaces have been cut out for 33-" observations

frox

~Tfae shewn in figure U .6 -

Ae



MARLS TT.1 SPECIFIC-TICUS For I51"R-5 GMADH MATUIVIL RUSHrJ*

Parameters Limit
Dirt Content by Mass# Max*) 0,05
iToltttile Matter 1% by Mass, Max-) 1,0
ffftrogen Content <% by Mass, Max*) 0,7

Content (% by Mass, Max-) 0,6
Initial Plasticity (Po, Kin) 30
PjLastlicity RetGntlon Index (PHI, Hin® 60



TABLE 11", PROPERTIES OF KOYLnjli M00.*20

Property

Melt Tlow Index (g/l10 min)
Melting Point (®C)

Vlcat Softening Point <@C)
Brittle Point (@C)

Density at 23°C (g/crt?)

Hardness, RocJcwoll (a. Scale)

Test Method

AGTr-S D 1238

ASTH D 1525
-SOW D 746
ASTM D 1505

ASTM D 785/D

Value

10.0

165-170

152

5

0.S05

72
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Ingredients A B C D E F G

PP- 100 70 60 50 40 30
HH - - 30 40 50 60 70 100
Curatives - : u.as.Mm UDSM UASM ubSM  UDSM D,SM
HAF Block - - H - H : H
Silica — - - - : - Si

m Silone Coupling
Agenti

a, Isotaclic polypropylene
b Natural rubber, INSR 5 grade
i.mU Blends without curative

D Blends containing 1-0 phr i0O% DCP based on
rubber phase only

M Blends containing 1-0 phr. 40% DCP. Zn05-0. St.Acid 20,
CBS VO, TMTD 1*25. and S 0*15 phr.

S Blends containing ZnO 5*0, St. Acid 2*0, CBS 200
TMTD 2*5 and S 0°30 phr.

H Blends containing50 phr. HAF black
- Si  Blends .containing 20 phr. silica ( vulcasil S)

1 X Blends containing (5 % by weight of silica )
silane coupling agent ( Si-69)
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STUDIES CN TH:'Ri:-:CPLASTIC HATUR.”L RUBN:iR-
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1S t-v STUDIED oj; T}iK m2L7 FLOW QiMI-.CTERJIS'TICS op
TA  TH2HMOPI*/7STIC NATURAL RUBSER-POLYPROPYLENE BLENDS

Part of the results included In this chapter have been
I

tnibiiflhed tn polynsr . .. .. ...« and science, ... 630
(1985). -
bch”™Mvi
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L EARANE The processing behaviour of polymcro is essen-
tially Influenced by their rheologlcal properties* This
is the reason why now-a-daya the viscosity function of a
polymer l«e«f the shear vlocoslty as a function of shear
V4ti/Ohear stress and temperature# becomes more and more
in~“rtant In trying to optimise the processing operations
®nd In designing processing equipment such as extruders
®nd the dies required for various products. For example#

shape of an extruded product depends not only on the
dimensions of the die but also on the rate of shear and
tenperature at which It is extruded and on the extent of
Elastic swell of the material. Hence a large number of
indepth studies have been conducted on the rheologlcal

behaviour of elastomers and their blends# rubber mor*ificc



nelts bl-~nds of thonnoplt ir.tlG r.N-tarlf s,
by different research Thr* r~ffoctn of
cjQssiinlced particles, carbon bliclc 2nd ncr*-bl~c3: flllora
on the flow properties of polyr.or r.elts h'vo zlzo been
studied”™e Myroroud studies on the i;:ictor3 affecting
the die swell# n\Glt frciCturo and deformation of *“xtrtidates
have been conducted to optinioe tho production procossea
for manufacturing articloa freMs from defccta®AA*AAA . But
only a limited number of studios hrV'S boon report<ed on
*Wp\HTQ?QPSIngcharactGrlstlcs of thermoplastic elaston”er
blends# even though one of the iinportant advantages of
these materials is their ef-sy and econonic procossabilllyr*AnA?

i 4 This chaptcr of the thesis presents the results
of"the studies conducted for assessing the melt flow bcha-
~Niour of thermoplastic elastoir.ers prepared from natural
5157t polypropylone blends, ‘'rhe offsets of blend r-?tlo,
extent of dynamic crosslinklng# temperature and shear
stress/shear rate on melt viscosity, Tflov; boh”vlour index#

die swell and melt fracture of the blends have been studied.

1. .= *~ong the ccxnposltions of the blends given in
mtable blends B# D and F were selected for ths nelt

~ov studies, sine? It is expected that the behaviour of



the other blemls could bo nredicte™l from th.7* rosultj of
these bloncis. Uncros.ollnkcd irrd dynanic™*lly crosslinked
.blends containing vari'u* extents of crooslinlcing of tlie
elajstcmer phase v;ere used for this study, rne c::tent of
crosslinlcing was assosaed by mcaaurlng Vr vilues as drs-
cribed In section 11*6, Tho Vr values of the natural
rubber gum vulcanlsatcs containing the saire level of cura-
tives# and vulcanized at the sanie conditions of temperature
cind 4iNniG as thoee of the blends, were 0.07# 0,13 and 0.17
Jfcr«apectlvely for the DCP (blend GD)# mixed (blend"CJi) and
vﬁulphur (blend GS) cured sairplos. This iIndicated that the
Sextents of croaslinking wao in the order, sulphur cure
Vwixed cure DCP cure for the vulcanization syatems seleo-
.r-ted* The corresponding Vr values for the blends ro, PW
rs were 0*12# 0.21 and 0,25 respectively. The higher
tVr values of the blends compared with those of the rubber
tVulcanizatea may bo due to the restriction iinpcsed by the

crystalline PP phase for the swelling.

The melt flow characteristics were evaluated iIn
tthe tejTS5)erature range of 180°C to 210®C since the process
<Ing temperatures of these iraterials are In this range. The

shear rates of testing covered a wide range from 3.0 sec*”
to 3000,0 sec*™ so as to sir.ulat® the processing conditions

®uch as cortpression moulding (shear rate, 10 sec*) and



VISCOSITY ¢
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Figure 111*1 shows the effect of blend ratio and
shear stress on viscosity of the thermoplastic blends
at 210*C. At lo™er shear stresses# the viscosity of the
tlend Increased with Increase iIn proportion of rubber in
the blend* The viscosity decreased with increase in shear
stress showing pseudoplastic flow behaviour of the blends
and at hl<” shear stresses (2 x 10 Pa)# the difference
between the viscosity of the blends containing various pro-
portions of PP and NR is only marginal. At lower shear
stresses, the viscosity of fresh PP pellets is higher than
that of 30170 KRIPP blend (BU). Thermal degradation and
the corresponding decrease in melt viscosity of PP has been
reported by white et al’Y™. Melting and mixing of PP in
the Plastl-corder at ISONC for 8 minutes degraded the PP in
the blend and reduced its viscosity* This is evident from
the lo™ier viscosity of the PP which has been melted and
mbeared in the Plasti-corder for O minutes at 180°C and 80

compared with that of fresh PP pellets* Since the

difference between the viscosity of the blends containing



varloxjs proportions of the elastomer phase and that or PP
is lew at higli shear stroases. It is clear that these
blends c™n bo processed just like thermoplastic PP at

higher shear stress.

1.2 EFrjCT OF DYrs;xVIC CROS jLINKriG AND SHE.\R
sTrzes ON VISCOSITY |

The effect of shear stress on viscosity of the
30|70 NRiPP blends containing rubber particles having
different extents of crossllnking is shovm In figure
At lower shear stresses the viscosity of the blends increa-
sed with Increase in degree of crosslinking of the rubber
phase* At higher shear stresses also# the trend Is the
same, even though the differences in viscosities of the
blends having different extents of crosslinking of the rab-
bor phase Is only marginal. Blend BU showed lower viscosity
at lower shear stresses and higher viscosity at higher shear
stresses than the blends containing crosslinked rubber
particles (BD, and B3)* since the dispersed rubber phase
Is having higher viscosity than the continuous PP phase
(figure 111_.1), the continuous phase experiences the same
<leformatlon in all the blends whereas, the deformation under”

gone by the dispersed phase depends on its melt viscosity?



1t has fcocn reported th-.t tho uncroc3dlir.hcc2 rubber p/irtl-
cles polypropylene-elaatomor blends arc bigger in size

118 end that thncc psrticlcs are
119

and are highly deforrr.eble
broken dovm Into s~£lInr ones under high sheer rates
observed In other heterogeneous blends™. Crosolinking o
¢ e elastomer phase increased its viscosity and decreased
deforration of tii-s dloporsed particles as indicated by
tho Incrsase in Drabender ni>:ing torc”s values (at recpec,

es

60 tpm rotor speed) fron 5.5 Hm for the uncrosslinked blend
~.(BU) to 8,0 Km for the sulphur croasllnked blend (BS).
(Smalderlng tlie above details# the changes in morphology of
~VIDiend B containing xLicrosslinked and crosslinked rubber
j%ArAﬁﬂos/ under ICI.l and hi~h shear stress conditions/ may
by represented as d”plctod In figure 111,3. This phencn&-
"M5olvha been conflmed by SHK studies In the case of jsxtru-
*0Ates of natural rubber”polyethylene blends under similar
“inditlons™*~_.  The uncrosslinkcd rjbbar particles in the
£lend are elongated at the entrance of the capillary and
-;é broken do\m into srrallor particles v/hereas# the crosé&-
XInFed particles which are less deforr™able, retains the
%é%jihology of the blend even at high shear stresses. Thus
Observed difference iIn viscosities of tho uncrosslinked
lend M and crosslinked blends BD, and BS at loi/ and

ahear stresses Is due to the change in morphology of

uncrosslinTcod blend under high shear stress conditions*



The DCP curRfl 30i70 MRjPP blond (BD) shov;cd lov/er visco-
sity compared with that of blonds, EU, Bl and as. It has
been reported thAJt DCP degrades PP at olnvatcd terrperaturo
and that this effect is more prominent at higher propor”®
tions of pp In HK-r? blends, as evidenced by increase in
melt flow index volues of these bIendle7o Thus the lower

viscosity of the blend 3D can be attributed to the degra-

dative effect of DCP on PP at high temper.*~ituro of blending.

In the 50350 NRiPP blend, there was a sharp In-
~crease In viscosity with crosslinklng at lower shear
~stresses and blends DH and DS showed yield stresses (figure
M IX«4d)« AAunstedt149 has reported that in rubber modified
vBtyrene-acrylonitrlle and poly (vinyl chloride) the vlsco-

increase at lower shear stresses is due to structure
NMId-XQ> of rubber particles and that the viscosity increase
-.more pronounced at higher concentration and smaller size
of the rubber particles. At hlohor extents of crossiInking,
.the smaller size of the mixed and sulphur cured rubber par”™
tides i1n blonds iIm and VS, compared with that of uncross-
linked and slightly crosslinkod blends, form some sort of
etructure build-up Inside the systan, which leads to yield
increase In viscosity at low sheiir stresses of
these blends. The degradatlvo effect of DCP on FP was

evident from the loiver viscosity of the blend D3 at higher



shear stress. In 70t30 HRIPP blonds (fi-ure 111,5), the
observe<3 difi*ercnces in viscositlcs of the blends FU, FD,
FM and FS vere proportional to the decrce of crocallnktng
of the rubber phase, ”~ho vir~cositlGs of tho blends EU and
n> wero cor”arable and tho. blends FM and .. niso showed
the 87© trend Qt lower shear ntrossos# unliKe the visco-
sities of the blends in the D sories# which showed a wide
*flifferencO (figure 111.4), The degradative effect of DCP
on PP vhlch has been observed In blends ED and DD was not
":i"rwinent In blend fd. 1t waa also aeen that the effect of
"\extent of crojsslinking on viscosity was less pronounced for
blends In F series at higher shear stresses unlike that*
’observed for the blends In n series* At this blend ratio/
~toth rubber and plastic components from continuous phases
to hl1”™er proportion of the rubber phase and lower vis-
**Aosity of the plastic phase and the crosslIn”™ing agents
have their action mainly on the rubber phase. At hi”er
“shfear rates, the effect of crosslinklng of the rubber phase
on viscosity is not prominent as tho blends attain a sheath
and core I11kO structure and ...- plastic phase forius a lubri-
cating layer at the capillary v/all during extrusion,

v

MI*SCT of Tri;7TR.~Tt;RE and SMSAR c?l VISCOSITY t

Effect of tempGrature on viscosity of the blends in



B Oerles/ ft-h different shoar IS shovm in
figure hHicd At all shear rotes# enr vincoslty d<="re*wisGd
vith Increase in teir.periitiire from 180°C to 2ixec and tho
decrease V/as more sn~-rp for the blonds H3, Br; and BD which
contained the crosslinked rubber particles. The chance in
viscosity of the blends above 200~c was only marginal. For'
blend BU, at hI™er ehear r:tos, there v/as an increase In
viscosity at tempontura above 190**C and this effect was
wore prominent at shear rate 3000 sec"”, TIMs shows that
teinperature also accelerated the reduction of the size of
inked rubber particles during oxtrusion at high
Vitheer rat®». The chang® In viscosity with increase In
§ tflpjperature was comparatively loss for PP. In the case of
- blecids In D saries# the viscosity decreased with increase
,—In tenjerature at all shear ra™m.q for blonds and DS*
|N;Bulnj>lends DU and DD showed slight increase In viscosity
|"a~]PLcwer Ohear rates, at temperatures above 200®C (figure
NiIs iIs due to the fact that at higher t*r~eraturo#
the lower viscosity of the continuous plastic phase preser”®
ved the structure build-up by the rubber particles, at loiter
shear rates. For the blen<!s in | series also, Incr{&3e in
tflfnporature reducod tlie viscosity of the blends at all shear
rtttos, except in the case of blend FD w/hich shows slight

Increase in viscosity at higher shear rates (figure 111,8).



"FE2CT OF ,CiISR R":-I .ND I'lC CRCriCLIiilCIljG

ON DIIS SVrclLL >

XXl

Figure 111*9 shov;s the die swell value®s of tlie

NRiPP blonds containing different crosslinkinc systems, at

three different shear rates. In general, die swell increa-

sed with increase in shear rate and this effect was more

prominent in uncrosslin]ced blonds th™n in crosslinked ones.

Increasing the rubber content in the blend decreased the

. die swell of the uncrosslinked blends but for blends con-

taining crosslinked rubber phase# die swell depends on
BMear rate and decree of crosslinking of the rubber phase*
At lower shear rate, DGP cure showed decrease in die sv/ell
with Increase of rubber content In the blend* But at shear
rates of 300 eec* and Z0CO soc™ this systoin showed mini-
imun swell for the 50150 blend* The mixed cure system shewed
ml1~t decrease in swell at shear rates of 30 sec** and 200
B0O0O ~ vith Increase In rubber content, but at shear rate of
*3000 sec showed noxinnm swell for the 50130 blend* At
30 aec ™ shear rate, sulphur curing system sho™ed iIncrease
in die s\-7ell with increase of rubber content in the blend.
But at higher shear r~tes, this system sJiowed maximum swell
the 50150 blond* These observ-:itions show that the extru-

~te ewoll depends not only on shear rate b.;t also on blend



ratio end degree of crosslinhlng of thp? rubber clw
to the SIfference In siso, structure and dofonr.ribili ty of

th™ rubber partlclefd In cnEfprtmt blend r-tlon.

Jii,5 EFrrCT OF 1) cr.cscLiz:Kiiic
OH ACH BALMYiciTn iron:-: |

The effects 05 ter”perature 3l degrao of cross-
Jjinking of the rubber phanr* on n* values are presGntsd by
Mlaj~Sproms™In figfure 111J0, For the 30170 ITRjFP blcnclc,
ttt 2108C the n* values decreased with Increase in extent of
pjiY981Inking of the rubber phase, At 200®0C blend BS ohcR/cd
subtly higher value for n* thnn that for BM. Similarly
at_19p®C blend BD showed sliglitly hl~er value than blend
Blond ES showed rraxiniun value for n® at 2CO®C whorcas
PiK,Uends BU, BD and EW, n~ values were maxlinuin at 210*"C.
In 50s50 KRjPP blends, the n* values decreased with Increase
in degree of crosslinking and tJils trend la shown at all the
tliree tanper/itures. ?or tliese blends, a tendency to form
n*limm value for n” at 200®C was also observed* In the case
Of blends In P series, no r™gular change In n* values with
increase In teinperaturo or crosslink density of tho rubber
phase was observed except for blend FG which showed gradual
decrease iIn n* value \wlth increase iIn temperature# Blends.

N "Md R sho¥"ed ninlimtun valuos at 200°C,
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i*iguro 1I1_11 SNOWS th.;t the daforru™tlon of the
extrudate Is increased with incrt-ase In shear rc.tG, both
for~the uncrosslInked and crosslinked blends. Increasing
the nibber content in the blf—d beyond 30;; increasGd the
melt fracture of the extrudates Qs the clastic response
-1 _Increased with iIncrease in proportion of the rubber phase,
At hi Jher shear rates the distortion of. the cxtrudatcs
,";d«*reased with Increase in crosslink density of the rubber
A blends showed hi?”er dofortnation and the
'r‘ milphﬂr cured blends gave least deformation at all blend

ratios* This is due to loss deformation and quick recovery

" of the rublber particles containing higher degree of cross-
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blend F, 70:30 NR PP
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DYNAMIC crosslinking IN BLEND F
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ny FIG«I11*9 EFFECT OF BLEND RATIO, DYNAMIC CROSSLINKING
Iy
and shear rate on DIE SWELL
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EFFECT OF SHEAR RATE AND DYNAMIC
CROSSLINKING ON DEFORMATION OF
EXTRUDATES
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9?Nn ~Thermoplastic elastomer blends possess on addl-
"Aonal* advantage 0"/er the othor types of TPEs In that a
V%:e range of proportioa can easily be obtained by varying
> COr~sltion of the blends* Dynamic crosollnXing of the
%irttomer phase was roportod to Improve the physical pro-
Awrtiea A clear understanding of the
of physical properties and the mode of failure under
application of load Is essential for selecting the
correct grade of the themoplastlc elastcwner blend for a

L4

Wtlcular appHcaUon.

~1s chapter of the thesis consists of the results
* Systematic study conducted on the effect of blend ratio

N extent of dynamic crosslinking on the mechanical proper-



ties mode of failure under tensile and tear fracture
and abrasion of thenroplastlc I1IWPP blends. Thia chapter

Is dlvl<3ed into five parts.

In part A of this chapter, the changes 1in ir.o-
phology of the blends with ch-"inge In composition are
discussed* Part B contains th© results of the studies on
the effect of blend ratio and extent of croaslinklng on
the jnechanical properties of the blends. |In part C, the

Mehénlttni of .failure of the blends under tensile fracture
Jb Mdiscussed* The mechanism of failure under tear frao*
tur« is given in part D and the mode of ebrasion of the

blends Is discussed in part E of this chapter.

r hbvi.,
*1tjr c.
AV el VAR

Vijh CY



vanoUOLCGY OF TIE THi:m-:CPLASTIC NR-PP  BL™YG

The morphology of the blends of two mutu?.lly
i.ncoTpcMN"ttble polvr.ers depends on several factors such as
composition of tho blends. Intrinsic viscosity of the
oomoonentS/ rate of shear during blending and teinperature*
As a general rule# the component having higher viscosity

tpr lover proportion In the blend forma the dispersed
anse«iwhile the T:ontlnuous phase consists of the compo-
nent having higher proportion or lower viscosity* But
depending on the rTslatlvc proportion and viscosity of the

components, a structure h-ivino two Interpenetrating conti-

nuous phases, 1i1s also possible*

The natural rubber used iIn the present study
yas having a higher molecular wel<~t and higher melt visco-
sity compared with that of PP (table 11.3 and figure I111_.1).
The variations in morphology of the uncrosslinked blends
yitt change In composition of the blends are discussed 1in
~10 part of chapter 1IV* The composition of the blends
T?rled from 70130 PPtNR to 30170 PPtKR. The details of the

procedure for studying the morphology are given in section



The scanning electron inlcrogrephs of the micro-
tooe3 edges of tho blends BU, CU, DU, EU and FU from which
the rubber phase H““s been extr.ictfid out u.”ing toluene, ale€
ithown In figure IV.A.l to 1V,A,5 rGspcctively, In these
figures, tho black regions represent the rubber phase which
Kas been extracted out* From figure IV.A_l, it is evident
that the rubber ph.-ise remained as dispersed particles in
the P matrix In blend BU* As the rubber content is incre-
jJised, the number end size of the dispersed rubber particles
. Increased, as observed from flgiire 1V,A, 2 of blend CU,
She dispersed particles iIn this blend are having more defor-
nad shape than the particles in blend BU, In 50i50 NRiPP
b?Mid# the boundary layers of the PP phase spparatlng the
"Nersed rubber particles have narrowed down and the nibber

Mse alao tends to form a continuous phase# as observed
figure 1V*A"3 of blend DU, The larger particle size
m*nd more continuous nature of the rubber phase compared
W’th those of blends BU and CU may be attributed to the dIf-
f*xalon and reagglomeration of tho dispersed rubber particles
Wider various processing condition* The average size of the
I *Pftrsed particles has increased from about 3~m to 10jjm
n composition of the blend was changed frOTi 30170

WIIPp to 60140 NRtpp, as seen from the scale of magnlfica-
tioh in the micrographs. Figure IV.A.4 of brend EO shovra



the rubber phase becomes almost continuous st the
~140 blend ratio of the HR and PP, as Qviclenced by the
flbrllS/ formed by the broken layers of PP, seen in the
~Notograph* The micrograph of the 70s30 MRjPP blend
> (figure 1V,A,5) shows continuous layers of darX regions
of the phfise# which are i1ntorconncctod by v?hito FMY“ers
of PP* Thus in bl-:2nds and PU both KR and FP
;oontlnuouo phases cXie to tVie higher proportion of the tIR

Md 1oiter melt viscosity of the PP phasc«

In the dynamically crosslinkod blonda SEM stu*
di«t on morphology was not possible# bocaxiae the cross-
~"1gkod rubber phase could not be extracted. But It is
eoted that the sl2e of the dispersed rubber particles
ch smaller than that of the uncrosslinkod blends#
(re Bre two main zQasons for this. In first place# the
_ torque of the dynaniic<*3lly crosslinlced blends is
A-Mgh%r than that of the uncrosslinXed blends (table 1V*3,1)
, «nd these blends show higher viscosity (figure 111,2)e
, -“"tt«r shearing ectlon at higher viscosity produces sir.ailer
NeMrtlcle size of the dI™persod phase# with round or elllp-
iLrsoldal fehiipes* Secondly# as the rubber particles are al-
~ireedy vulcanized# change In morphology of the system# duo
N

diffusion and reccsnbination of tlie dispersed particles

unllVely, as that occurs in the case of uncrossi inked



photograph Og FIG.IV_A_.4 SEM PHOTOGRAPH OF
extraction OF BLEND EU, AFTER EXTRACTION OF
tE3«mBER phase THE RUBBER PHASE



FIG,IV.A.5 SM photograph op blend
FU, AFTER EXTRACTION OF THE RUBBER
PHASE
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The bI»?nd ratios and details of the curing sys-
tans used are given In table 11.4. The extent of crocs-
IInXIng w?s In the order sulphur cure mixed cure DCP
cure, as discussed in section The properties of

6 blends are glv™n in table IV«B«l«
ifc
%
MxIng Torcme [ The torque values reported in
\able IV*3,1 are these recorded in the Brabender Pl§sti—
~rder at the time of dumping the blends aftor the schedtt-
tn.e* These values indicate the processabillty of the
Tiends under a shecir rate equivalent to that developed
TflurlRg blIsndIng the components in the Plastl-corder. In
:tr1 uncrossliInlted and dynsjnlcally crosslinj”ed blends, the
f;bdng torcme Increased with increase In proportion of the
“bber phase. As the extent of dynamic crosslinking is
¥ncreased the mixing torque increased, Iirrespective of the
J>fC5>ortlon of NR and PP In the blends. But, this effect
las more pronounced iIn blends containing higher proportioi

the elastomer phase. This 1s bec:iU3e”the crosslinl”~tng



=5 Patal™”, This Indlc-1tGd thnt moro energy
is required for processing the blends containing higher
mproportion of the elastomer phase tind higher extent of

cjfosslinking.

iv,B.2 Tensile Prorertles 1 Polypropylene™ containing
no rubber phase, showed highest tensile strength and lowest
Elongation at break. Increase of rubber content decre™oed
tensile strenqgth and 1CX»{ modulus but iIncreased the olc®
Ration at breok. The strength of the NR™PP blends depends
N “the strength of the PP matrix, which In turn is dependent
Itpen the extsnt of crystsilllnity* Martuscellt et
thve shown that the spherulite grovrth of Isotactlc polypro-
f_‘iene in blends with rubbers is disturbed by the presence
bv the rubber phese* Hence the observed drop in tensile
fctrength of the blends with iIncrease in rubber content may
be due to the reason explained above* Dynamic crossllinklng
Of the clasto.Tcr phese Increased the tensile properties of
the "thermoplastic NR-PP blends and in blends containing
1"Igher proportion of tha elastomer phase# the iIncrease was
Pt<~ortlonal to the extent of crosslinking* But iIn blends
~MviIng e higher proportion of the PP phase# dynamic cros”
Neinking Using CCP did not. show any improvement in tensile

properties. This iIs bccauso of tha degrcidotion action



of DCP on tTiR Pi- matrix in aciaition to its crosslinking
effect ON the rubber phase,

JVviB*3 strGSs-Strain Curves 1 The stress-strain curves
yiven In figure 1V_.B.l shov; that the uncrosslinked blonds
undergo plastic typo deformation, under tension. “Jith
increase In PP content yielding Increasod and blonds CU and
fiUu showed yielding with drawing. But dynamic crosslinXing
bf*the Qli?.stomor phase, changed the deformation behaviour
#rom plastic to elastic type, as seen from the stress-straln
of blends F3 to BS, The extent of crosslinklng also
e pbad a profound influence on the shape of the stress-straln
t™rve. This 1is shown In figure XV,B,2, At higher rubber
"Mntents, the uncrosslInTced blend (FU) shovred plastic type
~Noeformatlon, Dynamic crosslinlcing changed its nature to
typ« (PD) and as the extent of dynamic crosslinklng
Increased, the stress-straln curve of this blond (FS)

"iresembled to that of a vulcanised elastomer.

Strength t The tear strength of the blends
NSacreased with Increase in proportion of the rubber phase.
the dynamically crossllInked blends showed higher tear
etrength than the corresponding uncrosslinked blends. The

<lagradation effect of DCP on the blends containing higher



~r~ortions of P? is dearly ovldont from the lowt?r

v*-lues of the VC? curecl blonds cornpared with those
of the uncroa?3linjC(5d blemls* The lond-tlme plots for the
tearing ptTccess (Figure 1V«A,3) indlc;*-tod that the rate
of propag”“ition cf the t’™>cr Is olov/ed down v;Ith Increase in
the proportion of the el*"/~stoner phoso, even though the tear

strength la reduced,

Hcirdnesa t The hardness values decreased with
~ncrease in the proportion of the elastomer phase In tho
J>lend« But dynamic croaalinklng Increased tho hardness and
the iIncrease was proportional to the extent of crosslinking
pf .the elastomer phase. The increase i1n hardness values
vith extent of crosslinking was moro prominent In blends D,

E and F which contained higher proportions of the elastomer
Ephase* This is because the crosslinking agent has iIts action
IMihly on the rubber phase, which tends to form a continuoxis

""«3Q of the blend at these blend ratios#

1v,B,6 Flexural Hodulu.q | The flftxural rrodulus decreased
increase In rubber content of the NRF-P? blends# Bat
mdynamic cronslinking did not show any regular patt®im of
Lincrease or decrease of fle>:urnl modulus vrith extent of
«0331InklIng. In 11 thG c=?ses/ the uncrosf?linked blends

a~owed higher flexural modulus values coiroared to the



Tlynanlc™M”?y crosslInk(3d bZcnds. This is beccmsn, the sva-
ller size of the crocallnkod particles was more effective

In reducing the spherulite gror/th of the PP as rr”ported by

Hartuscelle

Jy"BNT Tension Set t The tincrosslinlcea blends showed
very h1~ set values vthlch exceeded even the limit of Xi
that is fixed for classifying the materials as elastomers.
But dynamic crosslinlclng redijced the set values considerably
And even the blend BS which contained the highest proportion
OfF#’showed a value less than This Is due to a change
?;3In""2leformatlon beh-ivlour of blends from plastic to elastic
A type# when the elastomer phose is crosslinXed, as explained
in soction IV_A_3*
1
~ ~iB,L8 Tensile Im??act Knerov* t The tensile irrroact
tn«rgy Incre%ised \Ith increase iIn rubber content of the
blends, Dyn“xnm cronsl inking of the elastomer phase incrce-
the tensile i1mpact energy con3ld??r.-bly and this effcct
VQ« more prominent in blonds containing higher proportion of
W, The dynamically crosslinked blend BS showed almost dou-
blt the value of impact energy compared to the uncrosslinked
BU, In the uncrosclinkod blends, tha dispersed rubber

A"nipcles are bigger i1n siso and less uniformly distributed



N

than the rubber partlclc*s In d*~rnomlcolly crosslinked
I;len3sYW™  In dynamically crosslinkod blenciG, better
shearing action chiring bIFjnding na*kGs the partilclea
gg"Mller in size and uniformly distributed~. Theso
-particles © re~gglomerate through diffusion and
form bigge™r particles unlike the uncrosslinkcd rubber
principle of touchening of the
Itjietnoplastic ir:atf3rials by using elastomer particles
that the irnpact energy may be dissipated through
itzolled 4eforraation of the matrix by providing a
Large number of stress concentrations or crazes”®
iis is achieved through smaller particle else and uni-
um distribution of the cUspersed rubber particles,
le above discussion explains the higher tensile impact
Nergy of the d-,Tiamically crosslinked blends compared

that of the uncrosslinked blends.
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PIG.IV.B.I

STRAIN , %
STRESS-STRAIN CURVES OF NR-PP BLENDS
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STRAIN V«

FIG.IV.B.2 STRESS-STRAIN CURVES OF F SHOWNG
EFFECT OF CROSSLINKING
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FIG,1V.B.3 LOAD-TEAR PLOTS,
OF BLEND RATIO

SHOWING EFFECT



prrvcr OF R VI  AMD DvI].<;HiIC CROSSLIAJKITIG ON TH5

OF Tc™HSILE F.-ILWRIS

It has baon observed earllor™”~ that PP undergoes

brittle type fr*cture which proceeds through craze formation.

Presence of rubber In the plastic phase cMiQnges the fracture

node from brittle to ductile. The fracture, other than craze

fiormation# takes place by ahofir yielding at higher proportions

of rubber. The rubbery phase acts as stress concentrator and

Initiates shear bands. The molecular orientation within the

ehear aionos iIs approximately parallel to the applied stress

«nd forws shear bands normal to the stress.

LC-

Pt:

The mechanical properties and the stress-strain

"Curves described In the previous section this chapter have

Bhovn that dynamic crosslinking changes the deformation beh”
Viour of the blends from ductile to elastic type. The SEW
ttjdies described In this section substantiate the above

Observations with the help of tensile fractographs,
n Figure 1V.C.I

is the fractograph of tensile fracture
Of PP, ThQ failure

is of brittle nature as evidenced by the



presence of multidirectional cracks In different planes,
7<&dltlon of KR to changrid the fracture mode from brittle
44t ductile typo# In the* case of uncrossllinhed 70t30 PPjNR
blend (BU) tensile fracture surface showed fibrils of rubber
mass which flowed normal to t-io direction of ?_pplicQtlon of
(figure 1V#C,2). Increasing the proportion of rubber
4n the blend (DU) reduced the brittleness, mada the fracture
-Vurface smooth, ciusod rT»atrix flow and the appoarancG of
iorodInples (floure IV.C.3), Occurrenco of voids in the
ctograph may correspond {0 the plastic phase dotachnent
der high elongation. Further Increase of rubber content
km ) showed ductile failure with elongated dimple structure
IV.C,4), The rupture is appanntly initiated by the
ttnatlon of cavity due to drawing of the plastic phase from

. K

astio-rubber matrix during testing#

CrosslinTcing of the elastomer phase in the blend
i“strlcta the matrix flow under stress. In the case of
bblehds of low rubber content, the dispersed mibber particlas
r«ct as cr,-T3e 1nitiator snd arrestor during rupture under

But at higher proportions of rubber in the
blend, the rubber also tends to form a continuous phase and

"plends show different tensile fracture modes.



| Dynamic crosslinklng of the olactoncr phase in
30i70 KRtPP blond provides smaller size and norc uniform
dispcrsioT® of the el istomer particles which ar-3 more cffco-
tlve craze Initlatio”™ end in restricting matrix flow,
N1s 1is evident fror. the tensile fractograph of blend ES
£ (figure 1V,C,5)* The fractortr-iph shov;ad one main fracture
1In© and many seconclory fracture paths. The absence of
large X0 of the ;xrfitrlx and fibrils on th€é* friicture sur-
face indicated that the defonn vtion beh”™ivlour has changed
rom ductile to elastic type. This was shown In tho stress*
~9? Strain curves given In figure 1V,D,1 also# In the ccso of
ptojtoiSO blend (DS) no oeparnte fracture path was observed on
fractograph but restricted flow of the matrix can bo
In figure 1V,C,6 when compared with figure 1V,c,3 of
- uncrossl1”™ked blend. For the dynamically crosslinked
130 KRiPP blend (FG) the rubber phase becones less Sefor”
ble end quickly recovering, due to crosslinklng. since
rubber also formed a continuous phase due to higher pro-
blend, the fracture proceeds by shearing act-
IpOt This Is evident from the fractogr.iph of F3 sho™n in
~fIQure 1V,C,7, which contaln-~r* fracture paths In different
N planes. The absence of 2ny elongated dimple and signs of
N~aldual defomatlon indicate that this blend has undergone

type defomatlon during tensile rupture.



fo.iv.c.l TENSILE FRACTOGRAPH FIG,1IV.C.2 TENSILE FRACTOGRAPH
PP; BRITTLE FAILURE OP BLEND BU; DUCTILE FAILURE

tensile FRACTOGRAPH PIG.1V.C.4 TENSILE FRACTOGRAPH
matrix flow and OF BLEND RU; DUCTILE FAILURE
TICHMPLES WITH ELONGATED DIMPLES



riv;C.5 TENSILE FRACTOGRAPH FIG,IV.C.6 TENSILE FRACTOGRAPH
MAIN FRACTURE PATH OF BLEND DS; SMOOTH SURFACE AND
FRACTURE LINES RESTRICTED FLOW OF MATRIX

FIG.1V.C.7 TENSILE FRACTOGRAPH OF
BLEND FS; SMOOTH PROPAGATION OF
fracture PATH AND SHEAR PLANES
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In rubber rodlfied thermoplastics# the principal
~Jffect of the elfistomer phcise in the fracture process is to
<*lIlow the energy to be dissipated into a relv-tively large

»lume of the material at the tip of the crack* This is
»re effectively accorrpllshed by smaller particle size and

Iﬁaﬁsm dispersion of the elastomer phase in the plastic

At higher proportion of ?P in the blond# the
>per phase remains as dispersed particles* In uncrosa-
~ked blends# the moleculiir enta™lpm*?nts in the rubber
irticles# are unable to prevent rapid flow and fracture#
response to an applied stress* This results in lower

ws Strength of the uncrosslinked blends™

y o Crosslinking of the elastomer phase during blen-

results in finer particles size and uniform dispersion

the elastomer phase* During tearing# the rubber oarticles

fohil

cn bridge the growing crack stretch to very large strains



* fore fadi"f"- tearing strrin of a rubbc-r particle
~ncrea”cs size 1is reduced123- Cronslinl”~ing of the
elastomer phase cllo™-"S the rubber particles to rr;3ch higher
*rains and at the s me time confers mechanlcel strength to
particles* Thus, the higher tear strength of the dyna-
tlcaliy crosslinked blends compared with that of the uncross-
ilnlced blends is due to in™llcr particle size*, higher elonga-
tion and mechanical strength of the dispersed particles. In
lends having higher rubber contents, both the polymers form

.m m

Atinuous phases, due to higher proportion of the elastomer
sé and lower viscosity of the plastic phase* As the

libber also tends to form continuous phase# crosslinking of
elastomer phase Increases the tear strength of the blends

|
Wntaining higher proportion of the elastomer phase.

Scanning electron microscopic examination of the
fe~r fr.cture surfaces of the blends supports the above
Views. Figure 1IV.D.l shows the tear fracture surface of PP.

presence of several parallel fr-2cture b”™mds in different
planes revealed the brittle nature of the failure# Figure
sho\V/s the fracture surface of the uncrosslinked 70330
L blend, it indicated the initiation of the parabolic
facture pattern which 1is propagated concentrically as the

advanced* The fibrils on the surface along the direc-



~on 0f propagation of th0 crick indlcatc”d hloh extent of
~formation and ductile nature of the failure. Increasing
the rubber content In the blend increased the continuity
(] the rubber phase and the fracture surface of the 50150
Ni1KR blend (figure 1V,D,3) and that of the 30i70 PPINR

"~ blend (figure 1V,D«4) showed smooth tear path with rough

Dynamic crosslinking of the elastomer phase in
]/“9 70130 PPINR blend reduced the particle size and lir“ro-
ﬂm the dispersion of the rubber phase* The resistance to
hiflh deformation of the crosslinXed particles restricted
the flow taider stress, as shown by the presence of many
-~hort rounded tear lines on the fracture surface (figure
*D#S)« In 50150 PPtNR blend, crosslinking of the elasto-
phese gave a broad tear path (figure XV«D*6) as the
PM®se also tends to form a continuous phase* In
JOi70 PPiINR blends, both plastic and rubber phases exist
continuous interpenetrating two-phase system”and
Qynamic crosslinking reduced the deformation of the rubber
Under the applied stress, a series of discontintjous
cracks are formed (figure 1V,D,7) on the surface due to
deformation of the rubber phase and weak interaction

the two phases.



“Vtear FRACTOGRAPH op FI1G.IV.D.2 tear FRACTOGRAPH OP

,E FRACTURE blend BU; parabolic CRACK
INITIATION AND FIBRIL

3 tear FRACTOGRAPH OF FI0.1V*D*4 tear FRACTOGRAPH OF
I smooth tear PATH AND BLEND FU; SMOOTH, CONTINUOUS
IPACE TEAR PATH AND ROUGH SURFACE



FIG.1V.D.7 TEAR PRACTOGRAPH OP
BLEND PS; SMOOTH SURFACE WITH
CRACKS
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Abrasion of clastoncrs involves ir.-2?lax processes
Buch as nicrocutting end tearing# crifck grw/th# fatigue and
M<3 oxidativo degradation. Depending on the t™pe of

lyiaer and conditions of abrasion, any one of the above

rs nay play a prominGnt role iIn the failure of the sair>-

"pl« Dy abrasion* Gchallanach™M*A""*1N yas tho first to study

th® pattorno devQlopod on abradad surface of tlie elastomors.

Southern and *hccnas171 have found that formation of abrasion

J-?pattem is followed by cr.:ck growth, wv/hlch plays an inport*nt

toi® IN material reiroval from the abradod surface. The diffe
vrtnt types of wear associatedwith the cibrasion of various
P~rymers huve been described by iiesniV.ovckii and BrodskiiN* M\ \*
The iRain three typas cf voar of highlv clastic .T.aterials are
**tlguQ wear, abrasive wear andwear by moans of roll fcr-
*wtlon out ofwhich, the last tw/otypes are more severe® thar
fatigue wear* The -vexr of thenr.cplastic iIs abrasivs in its
vhich results from r:iicrccutting by solid projections
on the surfcica of the abrasive. Tha abrasive wear Is charac”

~"fiaed by longitudinal furrc./s on the surface* The frie-

ffEID



vicar o+ el Etomer la chcr-iGteris'xl by vArticcl ridge
Mrmstlon find subsequent rGr;:oval of ths ridges during tho
Acourse of abrasion. Thus tho pEittoms appearing on the
Abrad«i surface are Indicative of the type of wear and help
I'to understand the mochanisn of abrasion.
1J*-
In this p*~rt of chapter 1V, the effects of blend
*Atio end dynr*TTlc crosslInhlng of the eliictoner phcse, on
fie"bfaslon resl3t"".nce of thermoplastic NR-PP blends are
&fiussed, Sc™nnlng electron microscopic observvitlons of
,e"abra??ed surfaces wre made to elucidate the nechanlsm of

iraslon of the blenda,

C'r

Figure nv.e.r Ir a plot of abrasion loss against
€proportion of and PP In the blend for tho uncross-
A Inked and dynamically crooslinV-ed blends. It can be obcej>
fr({/’;'d'tﬁat the abrasion loss Increased with Increase in propox”
Alon of the rubber phase, both for th': uncrosslinked and
dynamically crosslinicod blr.nds* ‘the uncronslin®tcd blonds HJ
And o5 shovied hlghsr abr-“lon resisfince than the dynamically
~08sllInlccid blends BS and CS, But at higher proportions of
elaatoner phase this trend is reversed and the crosslinked
M®nds showed better abrasion resistance compared ’-.dth the
‘incrosslindeed blonds (DS > DtJj 53” KU and F3” ru). Demonic



~ylcsniST™-tlon dearoases the Jize of the disporsisd rubber
particles and thereby Improves tho strength of the iriatrix
trough better distribution of tho applicsd stracc. But
reduces th?* adhesion hetWGC'n tho dispersed
partlclos 3nd tho na<:rlx* Thosa two factors act In oppo-
site directions for blends containing higher proportions
(gf PP.  Since tx® abrasion process Involves several para-
pistcrs such as mlcrocuttlng, tearing, cut growth and fatigue#
Ich ar« also dependent on both these opposing factors, tho
effect Is a reduction In resistince to abrasion of tho
JflyOamlc<illy crosslinlced blf»nda, in vhlch tho rubber phase
témained as finely dispersed particles, For those blends In
liiich the rubber phase also formed a continuous phase (S and
T) dynamic crosslInTtlng improved the matrix strength because,
CrosslInklng Imparts hl1”~ strength to the rubber phase. As
Ih* abrasion resistance i1s dependent upon tho resistance of
the matrix towards cutting and tearing action and crack
“Mfowth, dynrynlc crosslinklng Incrensr®s thrs abrasion rests-
~«nce of tY? blends containing hicher proportions of the rubber
MMiase« More than I00Ci Inr:rease In tensile and tear resistance
the blends EU and FU (table 1V,B,1) through dynamic cross-
~ineing, compared with less than IOH increase In properties

blend BlI7, supports the above view.



Scanning electron rnicroacopic obr*erv-~tlons of tho
tjjded su 1t ces of the blonds also showed th"t there is a
chan?0 mode of ribr*slon, as the rubber "Mso formed a
pontlnuous phase* abraded surfaces 0f blends BU and cu
(figures 1V,E,2 and 1V.E.3 respectively) showed deep grooves
"horizontal to the dir(“ctlon of abrasion, which are chorao"
terifltics of abrasive typo -wear for themoplastic trateriali™™",
f%} the 50150 blend (DU) the abraded surface shov:ed less
dntftnse grooves (figure 1V*s,4) compared to those of BU and
Wg 95¥0 abraded swvurface of blend HJ was comparatively
MOOth even though i1t also showed the appearance of horizontal

~Noovesjto a lesser extent (figure IV«S«5)«

In the dynamically crooslinked blends, the abraded
irfaces of BS and CG (figure 1V,E,6 and figure IV«E,7 res-
«Ctively) showed charicteristies similar to those of blends

Bu and CU, The grooves in these cases were deeper than those
Of the uncrosslinked blends. In the case of blend D3 (figure
IV,E,e)™ the abraded surf<'ice cont?.ined only small number of
ehallow grooves* But, 1in the case of blend FS, which con-
fined the largest proportion of the elastomer phase, a ten-
fl»Hcy to form vertical ridges was observed (figure 1V,E,9),
~Nis was characteristic of frictional type we™r and similar
~o that observed for the blends of natural rubber and poly”

~mtadiene rubber™™_. The above observations confirm that
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PHOTOGRAPH OF FIG.IV*E 3 SEM PHOTOGRAPH OP
OF BLEND BU;- ABRADED SURFACE OF BLEND 0J:
GROOVES AND’ DEEP HORIZONTAL GROOVES AND'

DEBRIS

FIG.1V.E.5 SEM PHOTOGRAPH OF
ABRADED SURFACE OF BLEND FU;
SMOOTH SURFACE AND SHALLOW,

HORIZONTAL GROOVES



AE .6 SEM PHOTOGRAPH OP FIG.IV.E.7 SEM PHOTOGRAPH OP
fSURFACE OF BLEND BS; ABRADED SURFACE OF BLEND CS;
fORIZONTAL GROOVES AND BEEFF)QISHOHZO”MI grooves and

. SEM photoEra h OF FIG.1V.E.9 SEM PHOTOGRAPH_OF
96% GROOVES OF BLEND DS; ABRADED SURFACE OF BLEND FS;
E(I)[L)JgESSURFACE AND VERTICAL
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Fillers are generally Incorporated iIn rubber
t&ﬁpounds for reinforcement as well as for reducing the cost*
In thermoplastic elastomers of the styrenic block type, Tfill-
ers and plasticiz»rs are corymonly used to optimise processing
Naracterlstics, physical properties and economic factors**
But in thermoplastic elastomer blends, use of TfTillers 1is
Feldom practised and only a limited number of studies have
teen concucted to explore the possibilities of usIn® fillers
in those t\7"es of blendsN*/M*MN*ASAMNIA - In this chapter of the
Ehesis, the results of the studies on the effects of high
ebraaion furnace (HAF) black, precipitated silica and a

mllane coupling agent on the properties of thermoplastic

NR-pp blends, are presented*



N A The forriilatlons of the blends are given In
table IX*4. Karli"T studies hcive shovm ¥t acTditlon of
bl2ck affected the procesrabllity107, Hence In the
present study# we chose a nixed cure system, which shoi~ed
Jjetter prccessability, but comparable physic il properties
thhe sulphur curod blends (table IV«A,1), Since the
effect of HAP black was found to be more prominent in blend
Tf the eff ct of silica was studied using this blend (70130
NRiPP) only. The fillers were added in masterbatch form#
jannlng electron microscopic studies of the fracture sur®
%aces were conducted to exnlaln the observed changes In
"physical properties,

fl
V*1 Effect of black s The properties of the MAP

%i

"black filled th<MTaoplastic elastomer blends are given in

r
table V*I™ Addition of carbon bl™ick Increased the mixing

iL tg:que of the blends containing hlcher proportion of the
elastomer phase, wv/hlch in turn reduces their processabillty
*t the *>%ar rate of blending# But, for the blends contaln-
" a higher proportion of the PP phase, no effect on the

fixing torque was observed.

Carbon black Increased the I0CCi modulus, tensile

®d tear strength of the blends* But the elongation at break



t

"“yas reduced 1in c”ses# On the above inentioned proper-

ties 0f blonds# the effect of HAF bl:.0)c WIS similar to
Its e{t0Ct, on th«s?i properties of conventloncd rubbtar vul-
N3(i2Ctes* “pte effect of Iw'F black was moro prominent in

jolends contoining higher proportion of the olastomer phase#

r .«ince the rubber phase also tends to form a continuous phase

" fit higher proportions# Tlig effect of black on hardness

negligibly small,
f
N It was suggested that the partition of filler in
d blend i1s such that it preferentially gets distributed

§4P-the rubber phasol770 This has the effect of both stiff-
0

y
e #nlng the rubber phase and Increasing the proportion of it
5AZL,

In the cc.TTpositioris, These effects act .In opposite direc-

~ons on stiffness of the composition ae a whole* The

fentffocts larrrely cancel out and the effect of filler on

stiffness or hardness Is mlninlsed. Since the black has good
reinforcing effect on the rubber phase, the blends containing
higher proportions of the rubber phase Sh0'0C iirprovtanent In
propertlGS* These points are rr.ore clearly evident fror.i tlie
6£EM fractographs of the H.”P black filled blends# under tensil®

and tear failure#

Figure V#1 is the tensile fnctograph of black

filled 70330 PPiNR thermoplastic blond (HKH). The fracture



dp."7/d dirfi-lcs with a™".ds. Ccattorcd black agglc-
€ Bierates are also observed on the surf-ice* In HAF black
? filled 50150 blend @&™H) the fracture surface showed Increcw
ged number of cracks (figure V.2) and the surface Is smooth
showing planer separation under stress* The rubber particles
in the matrix bridge the mattix crack and are stretched beb-
ween the opened crack as the cr”ck advances™ as observed

123 for epoxy-rubber

earlier by Kunz-Douglass and co-workers
particulate composites. But at a hic”er proportion of rubber
In the blend (TMH), the fracture characteristics were similar
to black filled NR (figure V,3)* Shear band and cavities
ware visible on the surface and cracks were also present*
Ebe fracture iIn this case may be due to failure of rubber

phase, rather than phase separation due to weak interaction

between the HAF fTilled rubber and the plastics phase*

Figure V,4 shows the tear fracture surface of blend
BKK, ."-ggregates of carbon particles, rough surface and cavi-
. ties due to the separation of the pulled up plastic phase
«howed wreak interaction betv/een the black filled rubb<?r phase
end polypropylene* Increase of rubber content in the blend
(emh) Incrsasod the number of cavities and tiny cracks were
~so fomed on the surface (fi-jure V*5). But high rubber
content black filled blend (FIW) had a smooth fracture sur-

MCe V/ith scattered# rounded tear lines (figure V,5), which



1 *vere sinl™ir to those observed on tha {aI' fracture surf.ice
> bl*cx Filled rubber vulcanisates e Thus# In this blend#
th® fracture b”s proceeded through the robber phase which

N "formed the major conatltusnt of the blend.

A*2 Effect of PrecloltatPd Silica s “The physical pro-
perties of tha 70130 tTIRsP? blend containing silica and sllane
I couplI™C ~oent 3re olven iIn table V,2« For comparison, the
~MAproportins of the unfilled blends are also provided In tho
table* -""dditlon of silica increased the mixing torque of the
pdg/ncsmic—’\lly croaslInked blends both in presence and absence
pof the sllano coupling agent (61-69)« But, for the uncross-

linked blend# no iIncrease iIn mixing torque was observed*

1:V.2.1 Tensile Pronerties T Tho 10C?4 modulus of the
I'Sncrosslaned blend was increased by the addition of silica,
%C_but the blend FUSiX containing SI-69 sho™ved lower modulus
'-comparcid with FUSi, In all the dynamically crosslinked blend
rthe increase In modulus was negligibly small. Blonds FUSi
and FUSIX shov;ed an unusual increase in elongation at break,
I vhereas all the dynamically crosslinked blends shov;ed a
N decr™o.se In elongation at break# by the addition of silica
filler, Tho tensile strength of tho uncrosslinked blend FU

roved by the addition of silica filler and the slif'ne

coupling agent but blend FUSix shox/ed lower tensile strength



FU31I, In the case of dynamically crosslinkecl blends,
rthe iTiprovcinent In tensile strength with addition of silica
yas neglili™ly sm-11 ond for the blend FGSi i1t v;as lower
-than thr t of FS, At higher extents of crosslinking, blends
IfiSIX end FS31X showed better tensile strength and hardness

"conpsred with those of PWSi and FSSi respectively.

The observed anomaly iIn the action of silica and
filane coupling agrmt on the uncrosslinked and dynamically
sslinkod blends can be explained as follows* In the un«
XDSslinked blend <FU)« addition of silica improves the
«ulle strength (FUSI™M-FU) due to the stiffness lirtarted
tby the silica filler to the rubber which formed a continuous
“phase of the blend* But In dynamically crosslinked blends#
.the effect of silica filler on tensile strength was less
linent and even reduced the strength iIn the case of blends
containing higher extents of crosslinking* This is due to
the retarding effect of silica on the rate of vulcanization
Of the rubber phase. The Vr values were 0,120# 0,210 and
0«249 for the blends FD, 5M and FS respectively# whereas
those of the silica filled blends were 0,117/ 0,153 and 0,203
fer the blends FDSi, FKSI and FSSi respectively. Since the
*Nber also formed a continuous phase iIn the blend, the
extent of vulcanisation affects the strength of the matrix

considerably.



The ImDrovem€*nt of tensile? proportlos of silica
- rubber compound by the addition of Si-59 is achieved
to chemical interaction of the filler with the rubber
A matrix through the coupling agent178- The above interaction
occurs inoat effectively In presence of a crosslinking agent
Is dependent upon the type of coupling agent and the
goring agent179- In uncrosslinked silica filled blend,
I SI-69 acts in '[AjO wiys. It increases the stiffness and
litrength of the rubber phase through better rubber-filler
Interaction by chemical bond formation. But this weakens
the plastic phase - rubber adhesion and hence reduces the
itrength of the blend* In sulphur cured silica filled blends®
Chenical Interaction of the coupling agent with the reactive
~sips on the Filler and the rubber phase results iIn Inters
facial wetting and adhesion of the filler and helps to Ljm&
tove the dispersion by preventing the reflocculatlon of the
filler* This also reduces the affinity of the fTiller towards
= the adsorption of the curing systems, which iIn turn reduces
the retardation effect of the filler on the rate of vulcani-
Mtion, The Vr values of the blends containing the coupling
"*gent were 0.142, 0*187 and 0*224 respectively for FDSiX,
P 1KSix and FSSiX, These values were higher than those of the
blends which contained no coupling agent* The net effect is

improvGinent in tensile strength of the blends containing

the coupling agent and having higher extents of crosslinking.



L TIl3  further supported by studies of the fracturo

surfaces.

Fimir<* V.7 Is the tensile fractogrcph 0f blend
pusl*= 1t showed  ismooth SUrfATce with dispersed silica
particles and restricted flow 0f the* matrix~ Figure V.8
la the tensile fractograph 0f the blend FUSIX which con-
talned the coupling agent* Better adhesion of the filler
particles to the matrix and rough surface can be observed,
fhw holes and roughness are due to the detachment of the
plastic phase. Dynamic crosslinking of the elastomer phase
further increases the stiffness of the rubber phase and the
fracture proceeds by shearing action in the case of blends
PSSi and PSSiX (figures V*9 and V,10 respectively)* But
the fracture surface of blend PSSiX showed more roughness
and better adhesion of the fTiller particles* The tensile

strength of this blend is slightl-* higher than that of FSSI*

\ V,2*2 T<ar 5trg>nath t Addition of silica filler Impro-
" Ved the tear strength of the blends and the effect was more
prominent in uncrosslinked and DCP cured blends* Addition
t silane coupling agent further enhanced the tear strength
E th®G blends cont-"ilnlng mixed and sulphur curing SYStcns,

Afigure V,li shows that addition of silane coxipling agent

T *<Sversely affected the tear energy of the uncrosalinked



~end and did not affect the DCp cured blend, but Increased
,“the tear energy of the blends dynaniically crosalinked by
I gulphur and sulphur plus DCP, The role of the crosslinking
mlsystcsn on Interfacial wetting and adhesion of the filler to
the rubber phase throu” the coupling aagent# in linproving
the tear strength, was edlvent from the fact that the
increase iIn tear strength of the DCP cured blend containing
; coupling wgent was negligibly small duo to lack of resctl-
vity of the coupling agent iIn this cure system’qgo The

blend without curing agent also showed no irnprovement iIn

tear strength with the addition of Si-69»

The SEW observations of the tear fracture surfa-

:Té;s of the blends supported these views* The tear fracto-
“ graphs of the uncrosslinked blend (FUSiX) showed rough
E;§urface and ductile failure with dimples and pores (figure
tE:\/,lZ), Dynamic crosslinking of the elastomer phase with

DCP (blend PDSiX) reduced the deformation of the elastomer
C phase giving smooth fracture surface with frzacture path

(figure V*13)* The fracture surface of the blend HiSiX was

similar to FDSiX, but stretching of the matrix along the
Otfracture oath was visible due to better rubber~filler
N interaction (figure V,14). The fracture surface of the sul-
~phur cured blend containing silica and coupling agent (blnnd

, 5"SSiIX) dorzed shjnilir characteristics with subsidiary



Macture ptiths.  The stretching of the rubber phase along
tlie fracture path ccn also be observed In this case
(flcure V.15) ¢

Y \2#3 Abrasion Reslstfince 1 The abrasion resistance
CE the unfill/>d blends Increased with Increase In extent of
Nainlc crosclindcing of the elastomer phase (PS FM D>
TU). Silica Filler Improve the abrasion resistance of the
~PP blends and the effect was more prominent iIn tincross-
InVed and DCP cured blends (PUSi > FU, FDSI p- FD, FMSI >

, FSSI =PS), Addition of sllane coupling agent Improved
‘e abrasion resistance of the blends containing sulphur and
eulphur*-DCP mixed curing systems (FSSIX rssi and FMSIX
IMSi}« In the uncrosslinked and DCP cured blends (FUSIX and
rosix) sllane coxrallng agent adversely affected the abrasion
resistance. These observations are similar to the trend in
ttar strength of these blends and may be explained in the
following way. During abrasion, small particles are formed
On the surface by mlcrotearlng of the matrix* The number
fcd size of such particles and their r<anoval from the matrl:«
&pend mainly on the tear strength of the matrix# apart from
Ner fTactors like frictional force™”. These particles
Noalasce to form ridges on the surface# aligned at ri~ht

to the dlrf?ctlon of abraslon®®”. Finer particles form
ridges and the hel(™t and spacing of the ridges Increase



xMth tho inw_“Osity of This photomicrocrcph of
t°0 Cixr."dd surf-":cG of the blend ?DS1X dwot/"d thick end
vicoly 8:.°ccd ridges (Fijro V#16) roveclin¥ ~oor r?sis-
tri® to <""-brasion of th*? blond containing euro syst”
In t-G C23S of bi.ond TSI, tho cibrhdod surf <~ shovied S
riclgor. irttorconnoct™xi by cjloo¥”™N rubber ntri;? (fire
nf;, abraded surfac:* of the bInnd F231C show/ed N0
tand-"ncy towr.rdc rid'Ac for'.” tion (flgura v,1Si. :ho
abr*sivn rorlst-fico of tbo blondo incroesed iIn tha order,
blend F5S1X FHSIK > FDSIX. 1t can also b~ 30cn that
the toiir 3-rr:ngth of thesQ blonds follows a ol-Tilar trend
(table V.2)* -
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fjv.16 SEM PHOTOGRAPH OF FIG V.17 SEM PHOTOGRAPH OF

JED_SURFACE OF BLEND FDSIX; ABRADED SURFACE OF BLEND_EMSIX]

-y SPACED VERTICAL RIDGES SMALL VERTICAL RIDGES INTERa
IQ/I%ISI“\IIQI?)C(:TED BY ELONGATED RUBBER

FIG,V,18 SEM PHOTOGRAPH OF ABRADED
SURFACE OF BLEND FSSiX: ROUGH
SURFACE WITH NO RIDGES
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DynAnlc mochanicQIl properties deacrlb™ th/3 respon-

ses of to noriodHcally v«"irying strains or atrcsssea
and aro usually measured aa functions of frorruoncy or tcnpo-
rntjir*.  ?or alnusoldally varying str™'iins or str-"oses#

thy Mnonnos -~rr; 3inu3ol.2"-Ily var'/ing stresses or str:5ins
riS'n™'CtlvGly*  Tho storano noouljc obtained iron those jr.oa-
surnrT.onts -iccounts for tha clastic enorgy storod 3ind r-"covor-
od in cyclic dGforrr.ation, Tho loss rO"ulus is  r'‘osuro ox
enorTy wisc2ip--tod as 'nd tho loss t.'.ncent (t'n ; in/
catos t™" d~mpinrr ch'x~cteristics of the natcri-il*

The themopl'istic el*stomcsrs i used in a nunbor
of noch?.nicol nouldod -roo-us® but tho Ic*;"?r  :cLnln sorvics
toiTOcr -turo of the Tprs Trocludec th(»Ir use in ~ar.y other



~NooVIFL r:£foct5 of Blond Rotlo : —to chcir.gea in E”

and tan of tlie blends W, DV and il/ v/ith Incrc'*se In
aro Ghs'-T. in VI*1. 'iho ctora'];f! nodulus

anu 10:3J ...o'ulu3d dcercMiz:eu viitti Ir.cro®'ro in trnT™*>nr':turG nnd
proportion of the clastot-Ar pl.*jc in th? bl<*nd* T>g loss
tancent vciluos inttinlly decreased and then incr™aood v;ith
incr-:?"-ce in tonpor™Miir'?.  The Incr™"s™ in ton ¢®, 2nd decrea-
se in “-ocelli --ere iti-G rcmar!”2bXc ".'hen tho prc”ortion of
rubber pheso in the bl?nd cxcecdGd 5ui* In hi'nd DU, the
rubber pb*Aso remained as disncroed particlcs in tdio ?P
matrix -and as the rubber content was lacreaaod to 3a-, the
rubber phviae jljo shewed a tondency wo form  continuous
phiso. In 7vi30 !7RiPP blond, both the phases existcjd as

continuous rsh-ses as diacusscid in chopter 1V,.., ‘“hen the
eluy-o;::or bceer™oc rontinuc'.’S in this nhnse
- 1r'Mor in th'? viscous defomation since

t':? nol x*ulos aro in thii uncrossliiikod stato. This rooultiod
xti pro'~Ares:3ivo docreaso in stor.<?0 rclulu™ onci incre jy?Y in

Icjs «;:d';apt values freii blond 3T to initi.;?! e.-xro*
iSo in =™ wvciluS of ti;» blendj ij Cuo to a ir:nsi®on in
ti'e stcice whici; ArlteZe 0int IERE

evi.cnt fren firairc VIS5 also.

71,2 Aif-2ct3 of CrosnXinklng t riie eJrocts of crcjs—

linliinj oJ u.ie elaotoiuer pIi.;.;a in 3v:70 bi—nd oti



£« end tan c™ are shown In figure VI,2* The storage modulus
and loss modulus decreased with Increase in tp™nperature and
the decrease In loss modulus was r.ora prominent in the uncro-
ffslinked brond (@) than in the crosslinhcd blonds. The
effect of extent of crosslinking of the Qlastorr.er phase on E*
and 2" was not prominent in the 30170 NRiPP blend* Ilhe degra-
aative ection of DC? on PP# in addition to its crooslinicing
action on the dispersed NR phase, was evident from the lower
Btorrige modulus and higher loss tangent values of the blends
M and BD compared to those of B3 and BU« The loss tangent
iralues of the dynamically crosslinked blends increased with
Increase In ttamperature beyond 40°C, whorees that of the
incrosolinked blend (BU) showed an increase In tan cf only
ieyond 70°C, Above this temperature the tan <M values of
the dync.mically cro.”slinkcd blonds woro higher then that of
jlend IX, rhl3 is du® to w»ak interaction b<“tween the cros”
Linked rubber particles and the FP matrix# which iIncreases
-he hysteresis*, But, this trend is reversed in the 5|50
JJiiPr blond and the dynamically crosslinkad blend (BS)

Jovied Icer tan J  values than blend W at all temperatures
[figure V1,3). The loss inouulus was higher for the uncros®-
Linked blend and the storage modulus did not show any change
ite to d™namic crosslinking* This is because the rubber
dhase also tends to form a continuous p>.ase and dynamic cro3&»

-inking increases the elasticity of the dispersed phase* It



igho® E* and lower tan cTg values of the blend DU ccmpared
VIt those of DM and DD showed that the degradatlve effect
PCP on PP dominated over its crosslinking action on the
fubber phase* The effects of extent of crosslinking of the
Ijastormer phase on E*, E" and tan cTg were clearly observable
[ia *70*"0 ™MRIPP blend (Ficjure VI1,4)* The storage tnodulua
ncresed steadily with extent of crosalinklng (FS » N FD>
p)) and the increriae was proportional to the degree of cross-
inking of the elastomer phase. The loss tangent values
ecreased with extent of croaslInklng of the elastomer phase
nd the effect of temperature was less promlUOTt as the degree
Hof crosslinking increased* It Is well known191 that the
Wfect of any modification In one of the hccnopolymers of a

>
“~ymer blend will tend to show up more cfﬁgrly\Nhen that

lLartiEular component becomes continuous orldominent phase than
when it IS the uiacontinucus pmice, t hi¥»r nronortions of
the elastomer phase, the crosslinking agent, especially the
sulphur cure “v"stRm, has its action mainly on the elastomer
phase . The effect of crosslinking aoents on E* and tan cT 2
vaa quite remarkable in 70130 NRiPP blend, since the rubber
phase also became continuous in this blend* Thus, crosslinking
of this ph-se loads to higher extents of recoverable deforma-
tion under cyclic straining of the blends, resulting in lower

<ﬂf higher 2* values with higher extents of crosslink-
ing*



yI»3 Kffrcts of Retnforclnn rillera t The effect of
relnfc>rcing fillers, HAP black and silica, on the dynamic
piech™nlc*"l properties of 70t30 NRjPP blend conteining ni>ecl
cure sys-efn are shown fit*rea VI*5 and VX«6« Both KAp black
and silica filled blrinds shaved higher E* and E*“ values thsn
the unfilled blend. The peaks In E*“ and tan cf values and
"“the sh?rp decrease In E* values iIn the tcnperature r”~nge of
-50®C indicated the glass transition state of the HH phase*
In the tan CIj. versus terrperature plot (figure VI1,6) another
peak can bo observed In the temperature range of +10®C, This
is due to the transition In the PP phase which has { brittle
point of +S C* The presence of two peaks in"this plot Indl-
jpated the existence of two separate phases In the 70130
J0i|RtPP blend* The two phases may be existin91;5 an interpen”®

Y trating network system# due to higher proportion of the NR

phns™ nnd lo».;er rrolt viscosity of the PP phase.
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2TUDI - A CM THZ RHEOLQCir\L n-CM"VIOUR 0? SS CLOO< Q:720LY>:.'R.
1 fits BLCrX GEPOLYT"i;.™ THZR.v.QPL.\GTIC PCLYU.AST;W::£ AHD 1,2 POLY*

ft
TG The four ccsTimercial thermoolastic elastomers selec-
ted for the investigations arc styrene-butacJleno-styrene block
“copol”™er# KR -TN D 5152 (K5); atyrene-isoprene-styrone block
~MNoljTTier, KR/>TON D 1107 (KI1)/ themopltistlc polyurethane
"elastomer, ESTAKE 5715 (HJ)j and thermoplastic 1,2 polybuta-
~dlene, JSR R3 820 (P3), The detolls of the above TPICs are
4discussed in section 11«1, which is sunmarised in table VII«A«I
"These miterials belong to different classes of TPEs and a

comparative evaluation of the rheolooic3l behaviour of these

materl3ls are presented in this part of chapter VII.

Due to the growlna iiroortance of therr.o;plastic elas-
tcmers# the rheological Char-Ticteristics of thcnr”oplaotic block
copolymers and those of thermoplastic”™elastorner blsnds heve
been studied extensively* Kraus and c<"workers54 have reported
the iInfluence of molecular WiSisjht 2nd lencfth of the block sectu-
ences on the rheological characteristics of r indcn «d block
copolyrpers of butadiene and styrene and sho/ed th™it as the

length of Sthe block sequences becsjne sufficiently large, the



flocks scf*regated to form a two-phase systori and that sone
() —-the associations of the polv~styrene se”ents persisted
gven at &jnperatures well above the glass transition tompe-
Jraturo of polystyrene* This multiphase morphology of the
block copolymers at various temperatures has been reported
to bo the reason for the high sensitivity to shear condi-

tions of block copolymers of styrene and butadiene52-

192 showed th.-.t th”™ dynamic viscosities of

Arnold and Meier
gtyreno-butadienc-styrene block copolymers continuously
Increased W/Ith decreasing deformation rate. It was explained
that this behaviour Is duo to the Interplay of processes
tending to disrupt end reform the network and domain systems
in the block copolymer# under different extents of deforma-

93 have reported that the changes in

tion. Chung and Gale1
viscoelastic properties of SBS block copolymer with ter”era-
ture iIs due to a phase transition resulting In a homogeneous
morphology at higher temperaturos and extent of deformation*

104 observed that the non-N*ewtonian cha-

Gouinlock and Torter
racteristics of SBo block copolymer at low temperatures,
change to Zlewtonl™™™M rcspcnnes at £bout 142°C, Above 142QC,
the polystyrene blocks, existing iIn dispersed domains at
lower ternperatures, were shown to exceed a critical degree
of ccmpatibility with the continuous polybutadlcne phase,

N similar transition was reported by Pico and Williams195



in S33 bloc3< copolymer and attributed this roao-
tion to an cccompanying morphological transition* This was
Afurther confirmed by a detailed study by Chung and Lim196-
; effect of shear rate £nd temperature on shear viscosity,
*~e swell and extrudate deformation of thermoplastic poly-
urethane, 1,2 polybutadiene, styrene-butadieiie-styrene and
8tyreno™M30pr"=*no»styrene block copolymors ore discussed in

the present investigaticna <

EVIth«l Effect of Shear Kt*te on Viacositv 1 The visco-
Nsity-shear rate plots of the samples at leo”™C are given in
"figure VI1,A,1* Between the tvo styrenlc bXocH copolviners
(K1l and K5), sample K1 showed higher viscosity at all shear
rates since i1t contained lower proportion of polystyrene
se”ents (table VI1,A,1). The viscosity of both the samples
decreased with increaso iIn shear r>to, indlccitlng pseuCoplas-
tlc bohcviour* The decrease in viscosity of these samples
\cis faster above a shear rtite of 10° sec = In the case of
soipnle K5, a sharp iIncreaso In viscosity was observed iIn the
shear reunion of 10~ Sec"”™. 1t has been reported earlier

that polymer melts containing fine particle silica and carbon

black show yield Siress, wv;hich increased with decr”acing pap-

ici 107
tide size of the filler ~ . Similar observations have

been rssported for acrylonitrile-butadienc—styrene «td acryl”

nitrile-butadiene-acrylic ester copolymers containing dispersed



rubber particles e The occurrence of ylold stress in those
cases WO atrlbuted to the presence of "structure buil”™inN*
or fomatton due to the Inter-partlcle forces existing
tamong the dispersed particles. Sample K5 contained about |Or*
L tzy wei<]>t of fine particle silica filler. Thus, the sharp
1':tl-ncrease In viscosity of the sample K5 below a shear rate of
) /i\O 1sec is dl‘,l‘élto the structure buildup by the silica
’; pt'rticlcs. This gel structure has to be broken before the
.r-systcsn can flow* The viscosity of the samples PB and PU
showed gradual decrease with iIncrease in shear r-te. At
I_(_I)tv;/:er shear rao;cre “iP__I';J’gshowed higher iiscosity rk_)Ut at higher
Brshear rTtes, the viscosity of PU was higher than that of PB.
This indicated that the viscosity of PU is less sensitive to
L shear than that of PB and that PU shows more Newtonian flow

F characteristics at lower shear rates than PB*

VIl1,A,2 Effect of Tenroer™iture <™d R™ta on Visc
The corblned effects of teirperature and shear r.te on visco-

sity oi the Tpf samples are shor™m in ficjure VII1_A,2. The

viscosity of the styrenlc block copolymers (K1 and K5) decrec”.-

sed V/ith increase In temperature and she. r rite* <t higher

she-ir rates the viscosity of the ssmple K5 so™fed a sharp

decrease, iIn the temper™iture 190-200"C, For both these samp-

les, the change in viscosity with increase in temperature was

~egligitly small, beyond 200°C. The irultlphaoc morphology of



= -

tlocK copolymers at temperatxires above the cryBtalline
xnoltinrt point or glass transition temperature of ths
thermoplastic segnent has been reported by several
authorsGoulnlock and Porter®™” have shown
that In SDS block copolymer melts, the polystyrene blocks
existing In dispersed domains at lower tenperatures/
exceed a critical degree of cornpatlbllity with the contt-
nuou3d polybutadlene phase, at a terrperataro of 1427C.
With Increasing temperature, a continiaous Increase in
dsisclbility wuld be expected™ resulting In complete
idisappearance of the polystyrene phase first, followed
by tha polybutadlene phase and forming a completely hcwo*
geneous melt*  The nature of the viscosity-tertperature
plots of the samples KI and K5 at three different shear
rates InclicMited that complete misciblllty of the segn
ments of these copolymers may be occuring at a terrperature
of about 2CX)*C. The viscosity of the PU sample reduced
drastically with increase In temper3ture# PU showed loss
sensitivity to shear rates at 210®C carrpared with other
aampl”s.  This indicated that PU shows more Newtonian
characteristics at higher temperatures* 'The flow behaviour
Inde:: values ( n* } given in the table VII*A2, further
confirmed this concept* Ihe n* values Increased with
Increase in temperature and reached unity at about 210°C,



ZYi0 viscosity of PB scmplc sov.*ed sn iIncrease with
Increase In t<impor”ture an4 this effect was found to bo more
“ pren:5'uncecl c-t lowor shear rzte than at higher shocir rates.
It h"S hoen reported that 1,2 polybutadiene undergoes cross-
lin"Nirg reliction at higher tennersturesl'gs- Thus, the
JaMcis™ in viscosity of ?B sr.mpla la dus to the effect of
; cro”slinkin* of the polyr-cr at higher tmper”™itures. At
; lower ahc'r r”tes, the pcl™Tner Mets more residence tiir.e in
)>) the copillary to undergo crosslinWLng reaction* Hence the

» effect of tefnper.Tture, In increasing the viscosity of the

M polymer, was more pronounced at lower shear rates.

VI1,A,3 Ho“v Dehavlour Index™ Hie Swell nnd I~trudato
reformation Charncterlstica { Table VIl,a,2
shows the eff~t of terroenture on flo™™ b-:haviour index
5nd th“t of shecir rr*te on die swell, =t 1GC°C, of the TPEs,
blcck copolymer (K5) showed rer;ular decre."se in n*
value with increnre in trrrporaturc wherecis the .73IG block
copolirer <8l) shov'ed rn inltlr-1 i@ncrcare In n* wvalue
<t 1508C, which decreased xrith further Ir.ae*?-se In ter.per™-
ture, Sinllsr trend of dccrotisino values of n* w/Ith
IncreaaQ In tGrrper-tura s been reportfor ol«fin bfised
118

themoplastic vulcaniz-ites e The dccrcase in n* values

of the themoplastic 1,2 polybiatadiena scnple is due to



crowcllr.dcing of the polymor, tho extent of v;hich incr'-iaccd
| VitVi incrGGSG in tenperature, PU 3hove<* Increase in n*
values with Increase in tGrrtperature and at 210 C, the value
Nof n* alinost equal to unity* This Indicated that PU
Atends to ohol7 Hevrtonlan chrirRctorlatlcs at about 210°C,

; This behaviour may bs duo to ths morphological transition

t

from a nultlphass structure to a single ph-se system# ag

reported in the case of d SBS block copolymer by Chung and

> For all tho TPEs included In this otudy, the
extrudate swell Increased with Increase in shear rate, o»*
capt 5or ?B v/hlch showed less swell at a shear rate of
3000 sec"™. This unusual behaviour of ?D is due to lower
e5Ttent of crosslinMng of the sample at hivther shear rate,
?3 e=-plRinod earlier. The higher die svell values of ?Q
ccrmcrod with that of othnr TPHs |s due to hlcjher extent
of slr-stic rcyY.roy“ <*rtair:rd by this poljmer due to cross-
linlclng of the chains at higher tsmpor.~iture* -2t lovfr
rhsar rate, t and K1 sarmplc’s showed sVell indices less
than unity. This may be due to drawing cut of the extrudate
Cue to gravity, at this vory low rats of chs”r, Ccr;plo K1l
which contained hicher proportion of the elastomer phase
s>oTred higher swell values at higher sht™r r-.tes canpared

to aamole K5.



A XhG deformation of the extrudates shown in

| figure VI1,A,3 indicated that there Is little deforra-

- tlon for the extrudates of sample K5 and PU, Cainple
KL which contained higher proportion of elastomer seg-

-ments showed high deformation with increase in rate of
ghecir®* The lower deformation charcicteriatic shown by
caiTlple IS at all shear r*=ite3 is due to the combined
effects 0f hicher proportion of polystyrene content and
the preaonce of fine particle silica filler which redi>-
3 the die swell. Thermoplastic 1#2 polybutadieno
showed higher distortion at lower ahaar rates than that
at higher IT.1@ 0f shear due to higher elostic response
of the sairiple resulting from higher extent of crosa-

linking at lower shear rates*



N VI @Al

Chemical Name

1,2 Folybutadiene

Styrene-Butadiene-
Styrene Block
Copolymer

Styrene-Isopren®O-
Styrene Elock
Copolyrner

Therrmoplastic
Polyurothane
ilcister.er

DATTAILS OF THT= THHm'OPL/ASTIC :-L\STO12RG

Description

Thermoplastic 1,2 polybutaciiene elcjs-
tomer hcjving 1,2 content grcc-tcr than
90X and degree of crystallinity 252>,
JSR RB 020, manufactiired by Japanese
Synthetic Rubber Company, Japan.

SBS block copolymer having styrene/
butadiene ratio 48/52 and containing
about IC"A by wt* amorphous silica,
KiVATCK D5152, manufactured by Shell
Cheanical Company, U,S*A,

SIS block copolvmer having styrene/
isoprene r~tlo 14/36* KRATOM 01107,
manufactured by Shell Chemical
Company, U*3.A,

""romatic ester type thermoplastic
polyurethane elastomer. 5715
manufactured by 3.?. Goodrich Car;pany,

US.A.
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copoT.vr™"m”™ THF:m-topLASTIC poly-

TTRETHAWE AIDD 172 POLY3UTDi;-1JE

Thermoplastic elastomers are fTinding applications

In a number 0f mechanical moulded goods, vhlch undergo diff-
erent types of deformation during service* Since the elastic
cher:ctnri3tlcs of TPEs result from various physical forces
of attraction, the type of defocmatloa of these materials,
leading to failure under the application of load, will vary
dependinrg on the nature and proportion of the hard 2nd soft
regions present in the material. Examination of the fnllure
surfaces c™n provide valu-ble Informftlon about the factors
I"rjidinr to failure and the type of failure* In this part

0f c—~>tor an attest has Dr*«n m'lde to understand th<?
failure mechanism of the styrGnic blcck copol®nerc, 1,2 pol:'-
butadiene and thermoplastic polyurethane elastomer by SCanrv-
luy elactrcn microcscpic 0-f the Failure surf ces

under tensile and tear fracture and abrasion*



Technical Prooertlos t Table VII,B,1 gives the
technical properties of the TP2s. Clnco the r.atorials
evaluated ore n<inufciccur»ju £or spoclfic end uccr, “flr'ct
conpcrlson of the technical properti®i-s r.ay not be rt™lovant.
But these nateridlu re™esent e-"ch cT-cc of thcrrropl”™tlic
elvgtonr.r cn”™ a7 cert”iln c~tstinct prop™rtios. Thus ther-
moplastic pol*~/urothanQ (IU) is char*Cterifiod by its high
resist™incQ to abrasion, whereas thorroplastic 1,2 polybuta-
diene (-B) shows higher te«ir strength and styrene-isopreno-
. styrcn« block copolymer (KI) provides highest elongation*®
The abrasion r<«al8tance of KI could not be tested as the
samples chipped out during one minute run of the tost,
probably due to Its very poor resistance to cutting and
tarring action compirod to that of styrenfr-butadlene-styrene
block copol-vmer (K5)« Tlie comparative data on physic-"l

prop>*2rtic?s ar™ used fTor explaining the mechanism of diffcrcr-t

types of failure of thsso sarr.plQs*

"he: stres3-3tr-In curvos (fl1"jro VI1,3*1) cl-"erly
show that the defonr.atlon nature of tha four VP"s unctr cn
appll™ locd In tension. Is quite different from one another*
At low strains ( wy P z tre=c-rtrrin
similar to that of vulcanised elastomers whereas, at higher
strains, there Is a sharp Increase In stress, probably dueto



- strcso, “lhis bGh”viour Is tyr)lcal of the

A thermonlriatlc nolurftthancal®+00s  pB showed

v a strhrd3-strain relation that Is intermediate between that

| of pl'Astlc and rubber**®. At lower strains ( < 1C0:5),

| there i3 a tendency to yield, but this iIs not so pronincnt

e as in the case of thermoplastics* At higher elongations,

. the stress gradually increased with strain -nd thlE portion
of the curve was similar to that of elastomers* The strosc-
Btrain behaviour of K5 was almost similar to that of gum
vulcanlsates of noncrystallizablo rubbers, K1 showed very

PXow modulus values at low strains and behaved like elasto-

| mers cont™iinlng very low ercter.t of crosslinklng. But at

| higher strains ( :»8CX3H), there was a sharp Increase in
modullus \;hlch nay be due to the combined offoct of orienta-
tion of the h**rd polystyrene segments and strain Induced
crystallization of the polyisoprone segments of the block
corsolymer201 e Towards the breaking point, the sample
yl"~lded and then broke with no definite neck formation.

The scinning electron microscopic stu™-les 0? the t*"7nsile,
tear and abrasion fTailure surfaces provide more information

on th« mo"™e of deform-r*tion of these materials under the

application of load.

Vil,b,2 Tensile Failure * The tensile fracture surfciCGS

Of the Tpr™ sho®™-m In fioures VII1,B»2 to VJ.1,B,8, reveal that



> >

t'nose rr.ateriols vary In their defomation characteristics
under cn applied lord* The tensilfe fracture surface
(figure VI1,n,2) of PU, which has the hipest tensile
stringth among the four TPEs studied, showed elastic type
deformation of the sample under tensile stress, evidence

for which i1s a broad continuous fracture path and less

ratidu-il d3for.Tiation, indicated by tha :ibsonco of ::oaks or

..Fibrils on the surface* The foldings on the surface cidje-

cent to the fracture path indicated the high extent of elas-
tic deformation undergone by the matrix before failure. The
nature of the str”ss-straln curve of the sample also support

ted the above views.

The tensile stress In hcmogeneous materials may
be relieved by the fonnatlon of crazes which have sernlcir-
cul”~r or clrc”jlar boundaries. The crazes opened-up -during
tcnsilo failure are ch-~ncterised by a central ncrmal stress
zone with curved boundaries and an adjacent tear zone174-
"llie tensile fracture surf.ce of FE shoved these features,
rigure VI1,B.3 showed the central stress zone with circular
boundaries. The V-shaped foldings adjacent to the central
zone (figure VI1,3,4) Indicated the tear zone which further
propagated the crack, A network of channels war. also

observed inside the certrcil strops zone (figure V1I,3,5).

Thus in PB the fracture was initiated by craze fonnatlon



and nropagatcd by tear fr cturo. Craze formation before
failure i1s characteristic of rubber modifiecl thormoplas-
Th<* fractographs and the stres”™-strcln curve
indicated that the deforration behaviour of PB under an
applied load In tension is iIn betvreen that of rubber and
thermoplastJics. The frtcturo surf.-:ce of K1 showed a smooth
fracture path with peaica Kie to pulling up of tbe material
before failure (figure ViIi1,3,6)* The foldings, lips and
fibrils on the surface (figure VII1_.B,7) showed high extent
of deformation of the matrix and Indicated ductile nature
of the failure. The stres9-3traln curve of this sample
also showed ductile natxire of failure as indicated by
yielding with no definite neck formation (Ffigure VI1,3.1),
Sample K5 contained approximately equal proportion of poly?
styrene and polybutadiene augments in the block copolymer
and the polystyrene seonents remained as laminar domains
in the matrix. It also contained plasticlzers and small
quantity of filler. Under the application of tensile
stross, shear deformation between the two segments took
placo and the fr*5Cture proceeded by shearing action. This
v;as clearly Indicated by the tensile frc*ctogr-ph of K5
(figure VI11,3,9) which showed discontinuous fracture paths

in different planes.

VIX.3,3 Tear Failure t The resistance to tearing of the

elastorers depends on the process by which stress dissipation



o™ tip of the growing crr.ck takas place. This may
Jje &ccoTr:)lishod by several processes such as slippage or
ijreakag? of crosalinks or chain entanglencnts, deviating

or arrestlna of the growing crack by filler particles#
etc*134° Ihe process of strsso dissipation may be und™r™
stood by cr*reful exorrLIn::tlon of the tear fracturo surfacGS,
Figure VI1,B,9 shoYed that the te-ar fracture in PB has pro-
ceeJded tl-irough stlck-slip process duo to the* prcsonce of
Crystalline regions iIn the matrix. The presence of bran-
ched tsar path, vertical Btrlatlons on tho surface and the
flticy>-3lip tear p<ith Indicate the high energy expended for
the propagation of the tear* The peaks eppesring as pulled
up wavy crests (figure VI1*D,10) showed the high extent of
stretching that has taken place b?»fore failure. Thus, the
hi"jh to.r gtrenrrth of PB (table VII1,B,1) ccmnared wIith thr-t
of the other TPEs is duo to higher extent of stress dissi-
pation through the various processes described above* The
tear fr™icture surface of TPU shovw/ed a bro™d tcir p*ith and
vé”~tlical striatlons (figure VII_B.Il), The tear strength
of rrxd vac less than th'~t of P3 biit gr?r=.ter t!"-?2n th-"t of K5.
The fracture surface of K3 (figure VII.B.12) did not con-
tnin any continuous ter,r path# which indicated laminar
tearing b"Meen the bard and soft se™.«nts. Small rounded
tear lines seen on the fracture surfs™ce may be due to the

dcflGection of tear path by the silica particles present iIn



ssnIG*  This samplQ shoved hl-"her tear strength than Ki.
jd cont-ined about 14% by weight of herd sGoncnt v;hich
re™ N ns sohcriccl dor.ainc, In the bulk of the soft scg-
pient. ter fractcgrrph of this sample (figure VII.B.13)
showed 2 srooth surfcce and a continuoxis tear path with
irregular foldings, nie tear strength of KI v;3s poor, which
is in lin« with the continuous tear path observed on the

frcicturo surf-ce* 3lmil-.r obcervctions h*‘.s been reported

in the te::r failure of rosin cured carboxylated nitrile
rubbey'zmo

.u
vn.B,4 ~orMalon Failure t Abrasion resistance of elas-

tomers dep*nd3 mainly on factors such as strength of the
matrix, resistance to thermo-oxidative degrsdction, crack
grov;th resist*ncc wun"-ler. dynamic conditions etc., anart from
oth*™ f"ctors such as frictlonsl forcc “nd nature of the
abrasive* The nature of definite patterns appearing on the
«Qor*idd surf €q has been shown to be indic-:tlve of the mecha-

13*5'1700 "The abraded surf co

ninm of _~br-sion of elastoners
of ?2U 2;.owed rZell defintv?. ridge pGttrjrn ~t rif'ht angles to
the direction of abr.Tsion (figure VII1.B,14), The absence of
~ny Itinpy and the pr*y.¥nce of small particles on the
surfc\ce Indic-ited th*t these ridges are highly resistant to
defoimation (figure VI1I1,B,15), Low ridge height and close

spacing of the ridges ere indications of hlch resistance to



«’\slon203- The formation of ths* ridres by nlcrotsarling

subsequent removal of the inaterial from the surf.ca
depend on tho tensile str-“ngth, tear and cut growth rcji:>-
tance of the matrix121° Thus the Inherent strength proper-
ties of PU account for its high resistance to abrasion.
ThG abrjd» DurfAco0 of 2D also show/ed rldg» pittorns (figure
N VI 13*16)« JAit In thia ctise» thie ridges were less closely
spaced Nind the channels between the ridges were bridged by
: elonnated fibrils (figure VI1,B,17). PB which has high
tear strength and elongation at break (table VII1,B,l1) has
T undergone h 1~ deformation and the tom surfaces were streb-
ched to high elongation before the irAterlal was removed froen
L.the surface* This sample showed lower abrasion resistance
than but higher than that of K5* The abraded ourface of
K5 ohov*ed highly deformed ridges (figure VI1,3,18). 'Itc
natGrlal rcjnoval in roll form c?.n also hn seen on the surfciCt;,
This soinple was less resistant to the frictional forces of
abrasion, du3 to its ver-/ low tonsil? strength and tear
re3ist.?.nc3, vhich account for its lo\>;ar rccisttnce to

abrasion.



Modullus Hlonrr™tion Tensile Teir Abr?7sion

3004 at Break Strongth  strength loss
( HPa ) ( ) ( KPa ) @l Nty (e
PU) 6.0 400 16.1 37.9 0.120
,% P3) 6.0 745 9.1 59.1 1.188
i
65) 2.8 520 4.2 17.4 4.786
us) 0.34 1450 11.1 10.1

Si' could not be tested as the sample chipped out after
one minute.



Ddw

*gsaals

®

h-
17>

VvV = oa = o

=

= vI .8



e

(@ <]
s

O—LL

R

K
S

O 1]
O o

-__1
Ll =—
= o<C

5

11111
0T |
B

L=
VDE

y

==
n=—=

Oevii.b.4 V-shaped &%Agtngm



[g.vii.b.s tensile fracto raph |G .V I1.B.9 TEAR FRACTOGRAPH

K5; discontinuous EJ of: PB; STICK-SLIP FRACTURE

IN DIFFERENT PLANES PALH, branched TEAR LINE AND
tIPRTTIAT. RTRTATTONS



ER OF SHORT

MB
INES

B*12 TEAR FRACTOGRAPH
small N
TEAR L

ID

ED



IDGES AND ABRADED

NLARGED PICTURE OP
U

E
R
P

IS
al
OP

h
D

m

G.VII.
IRADED
»ACD V

m PHOTOGRAPH OP
E OF PB; WIDELY

-V1I.B.16 S
ED SURFAC
ED RIDGES

G
D
AC

o<






SKOISniDKOO &Ny AHIVWWNS



suikAry and conclusicns

ThGrrnoplagtlc elastomers (TPEs) are either block
copol”~Tners cont<:iining soft and hard seST<nts or physical
blends or grafts of a hard thermoplastic material and a soft
rubb<?ry polyrr.er. These materi”™ils are having the processing
char®"ctcristics of thermoplastics and technical properties
of vulcanized elastomers. The thermoplastic char.”.cteristics
of the TPEs arise from the physical forces of attraction
between the crystalline segments of the hard phase# whereas
the elastomeric properties r#sult from presence of fTlexible
chains of soft segments# which are linked by the hard seg-
ments* At higher temperiture# the hard segments get softened,
allo\Ving the material to be processed like a thermoplastic.
The processing*characteristics and technical properties of
the TPHs v;ill bo dependent upon the chemical nature and

proportion of soft and hard secpnents iIn the copolymer/blend.

The d"3t3 pr-“sented in this thesis consist of the
results of a systematic study conducted on the rheological
behaviour and mode of failure under tension# tear and abra-
sion of thermoplastic elastomers# Emphasis has been given
for the studies of natural rubber-polypropylene blends,

ether TP"s evaluated are SBS and GI5 block copolymers# ther-



moplQstic polyurethane elastoir.Gr and thermoplastic 1,2 poly-
butadiene elsstomer. The thesis consists of seven chapters
and Is divi<led Into two POrts O In part 1/ the effccts of
bI(>d ritio and extent of dynamic crosslinking of the elas-
tomer phase, on the melt flow characteristics and technical
pronerties of IIR-PP blends have been studied* The morpho-
lo-Ty of the blends, dynamic mechanical properties and the
mode of failure under tension, tear and abrasion have also
been studied# Itie effect of carbon black and silica fillers
on the above properties have been evaluated and those results
are also Included In this part* Part 1l of the thesis con®
sists of a comparative evaluation of four different types
of commercially available thermoplastic elastomers, with a
view to understanding the rheologlcal behaviour and irode of

failure under tension, tear, abrasion of these materials*

The fFirst chapter contains the review of the work
done earlier in the field of thermoplastic elastomers and
the scope of the present wvrork. The development of different
type? of TpZS, their structure-property rfl:—<tion3, studies
on the fcictors affecting the processing characteristics and
physical properties, advantages and disadvantages, and appli-

cations of TPSs have been dismissed iIn this chapter*



B IR |

The second chapter congists of a detéiled account
of the experimental procedures adopﬁed for the preparation
of the blends and the test samples. Description of the test-
ing procedures and the details of the equizments used for

testing are also included in this chapter,

The ra2sults of the studies on tho m=lt flow charice
teoristics of the thermoplastic KR=PDP blends are discussed in
the third chapter of the thesis, The effects of blend ratio,
extent of dynamic crosslinking and temperature on viascosity,
flow behaviour index, die swell and melt fracturc of NR=PP
blends have been evaluated, The proportion of the rubber
phase in the blend and the extent of dynamic crosslinking
vere found to have a profound influence on the melt viscosity
of the blends at lower shear stresses, L[ut at hicher shear
stresses, the egfect of blend ratic on viscosity vwns compara-
+ively louv for the uncrosslinked blendsg thrn that for the
dyniamically crosslinked blends., #~t lower shear stresses, the
viscosity of the tlends increcsed with increase in degree of
cresslinking of the elastomer nphase but ot hicher shefr stre-
sses, the cffect of crosslinking wns found to vary depending
on the ritio of PP and NR in the blend, Dicumyl peroxide was
found o lever the viscosity of the blends contdininc higher
aroparticn of the P7 phise dun to its deqsradative action on

the PP molecules, 7 change in morphology of the uncrosslinked



blend, contGInlng dispersed rubber particlGS wras expected
to occur fT.urlng extrusion, at hl1” shear rates. Dynamic
crosslinkinc of the elastoner phase reduced the die sx'ell
and melt fracture of the extrudates/ the extent of which
was dependent on both blend ratio and degree of crosslink”

Ing.

The fourth chapter consists of the results of
the studies on morphology, mechanical properties and mode
of failure under tension, tear and abrasion of the thom”
plastic NR-PP blends. The effect of blend ratio and dynamic
crosslinking on the above properties were evaluated. The
morphology studies of the blends showed th."t the rubber phase
remained as dispersed particles iIn the PP matrix at lower
proportions but as the proportion of the rubber 1is Increased
beyond this phase also formed a continuous phase of the
blend. The 70130 KRtPP blend was found to exist as an inter-
penetr-"-ting two-phase system looking like a sea sponge. This
morphology change greatly Influenced the physical oronerties
of the blends. The effect of dynamic crccsllinking on the
mechanical properties bee -1e more prominent as ti"e continuity
of the elastomer phase increased. Scanning electron micr”
scopic studies of the f-iilure surfaces of the blends showed
that addition of NR changed the brittle fracture of P? to a

ductile type and dynamic crosslinking of the eloscomer phase



changed the clefornatlon b*jhavio\jr of the blends from plas-
tic to elastic type* The mode of abrasion of the samples
changed from abrasive type to frictional type and this change
was more prominent in dynamically crosslinked blends than in

the uncrosslinked blends*

The effects of high abrasion furnace black, pro-
cipitated silica and a silane coupling agenet on the physi-
cal properties of NR-pp blends containing different propor”
tions of the base polymers are discussed in the fifth da|>
ter* 11A7 black increased the modulus# tensile strength and
tear strength of the blends# whereas, the elongation at
break was decreased* The effect of HAP black was prominent
in blends containing higher proportions of the elastomer
phase and the action of HAP black was similar to its action
on rubber vulcanizates* ‘Midition of silica increased the
technic™Mil pronerties of the uncrosSlinked and DCP cured
70*30 MRiPP blends* In those blends which had hiaher extents
of crosslinking, the eff~t of silica was more pronounced iIn
presoncQ of a silane coupling agent* Addition of silane
coupling agent was found to adversely affect, the properties

of the uncrosslinked and DC” cured blends*

The sixth chapter contains the results of the

studies on the dynanlc mechanical properties of thi thcrm”



plastic blendS/ with special roferGnce to the effects
of blend ratio, extent of dynamic crosslinTclng Qnd addition
of HAP bl~ck end silicc on ctort*go idulus, loss modulus ond
loss t™mgent different tonperaturos* Increasing the prch
portion of the elastomer phase rcduccd the storage ncdulus
end incrcr.scd the loss t™.ngent values of the blfinds. The
improvcjncnt in storc.f;c r.cduluc and decrease In loss t*™“nrent
VvMiluos wore quite ramirdenblo A ith increase in e>:tnnt of
crocslinking of the elastomer phase, for those blonds v;hich
contsined a higher proportion of the elastorr.er phase, Ilhe
degradation effect of DCP on PP was reflected more clearly
in the dynainic irechanlcal properties of those blends which
m::ontninod hlcher proportion of the PP phase. Doth H.\P and
silicc. filled blends shewed highf>r storage modulus and loss

modulus valuos than the unfilled blends.

Part Il of tho thesis foms the seventh chapter.
It consists of the results of the studies on the Theological
properties and r.ocle of f-_i1lurc 02 four different t*""es of
ccrrorci®"-! thcrr.cplastic ol-:;3tarors, under tonsicn, tecr end
abr"slon. Therncplcctlc polvurethane olc.stir.er shwed better
ro*.rtonlan flow characteristics than SB3, 5IS and 1,2 pol™MAn
I3Utadicne at 210°C, For the 323 and SIS bloc>c copolv™ers,

zczTrtlota ri.=rcibillty of . ar! soft seer.ts was



found to occur at 200@C, ThGrmoplastlc 1,2 polybut*3<3iene
showed higher viscosity st higher tcsnperatures due to cross-
linking of the polymer chains. The changes In shear visct®
slty, fTlow behaviour index, extrudate swell and distortion
of the extrudates showed evidences for these transitions IiIn
the above thermoplastic elastomer melts. Under tension, the
therrr.oplastic polyurethane undergoes elastic type deformation
and failure whereas in 1,2 polybutadiene the failure was
initiated by craze forrT.ation and propagated by tsar failure.
The 315 block polymer showed ductile type failure, whereas

in 525 block polder the fracture occured by shearing action.
The sxirfaces of the above four therm”~laBtic elastomers after
tear fracture and abrasion showed well defined fracture
patterns which could be correlated with the strength of the

materials.
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Studies on the Melt Flow Behavior of Thermoplastic
Elastomers from Polypropylene-

Natural Rubber Blends
BABY KURIAKOSE ami S. K. DE

J*

In Fabnbinstﬁdtg %?
ngal, Indra

Bt

The meh flow behavior of |hermo laslic polypropylene-
liatural rubber blends has been evaluated with specific refer-
ence to the effects of blend ratio, extent of dynamic crosslinking
ofthe rubber phase and temperature on viscosity, flow behav-
ior index, and deformation of the extrudate. The proportion of
rubber in the blend and the extent of dynamic crosslinking of
the rubber phase were found to have profound influence on
the viscosity of tl)e blends at lower shear stresses. But at higlter
shear stresses, the effect of blend ratio on viscosity was com-
paratively less for the uncrossliiiked blends than that for the
crosslinked blends. At lower shear stress, the viscosity of the
blend increased with increase in degree ofcrosslmkmg but at
higher shear stress, the effect of crosslinking on viscosity was
found to vary deﬂendrng on the ratio of the plastic and rubber

components n t

e blend. Tlie deformation of the extrudates

was also very much dependent on both blend ratio and degree

of cTOsshnking.

INTRODUCTION

ermoplostic cLwlomors cumbine the excellent
r%fossm ﬂurructcrrstrcs of the thermoplastic
er tem[oeratures and a wide range
vsrca ert|es 0 eIastomers at serv ce Icm
ure? |e materials re dared met
mo astic ma erra a ea
9 action, ave arne consr er
-rteéron ue fo t esrmP ethod 0
»and easy attar ent of the desire Nsrc
Nes (5). It Tuis been furt ers own
of small (Juantities of crosslinking aﬁent ur-
mrxmt eratron IMProves th
nni{ly al l«?t e}f cessrn @?
-rs rCess IS own s dynami cross nki
|eemter|ascan eproces?e in th gsame
t et ermo I|Lst|cs melt tlow studies of
[astic %astomers have become important
or Ii/iuj1 the processing, conditions, and In de-
||| e H]rocessmg e(Juipment and the dies
[ cﬁr n 0t varigus types of
<|ne 1on mo ; roducts
ooglrc ehavior 0 oymerb nﬁts ﬁn
rs contarnrn nd cn)sslin
have eerhstu ied g (i [%ent res<xare

articles,
] IStack ar)d non back ers ont eIer rop
AofpoK nuT ni<cIts Juvr also been studii'd
Marlou.s factors aflccting the die swell, meIt

fracture nd deformaton 0 §< es have beﬁn
re orted several aut ors udr son t
rh eoo |ca behavror f| lock ¢*o
mers (31-34), meta su nat ene ro¥
ne ter on rs 35), and those oft e blends ofa
t]her oplastic polyolef n an? an ehistomer (t38 382,
ave become. the’su r{ecto recent mteres
the rowrn% |mporta ce of the th erm astrceas
th rs. In Yhis rt)Ber we reﬁorto eres tio[
the met fow s 1es on d amlca y cross £
termo astrceastomers rom naturaf rrtr efr | d
ene ends. effects of blen
at?l fgmannc cr ssTInTn 3 tem era-
fure. on vrscosrty, low hehallor Index, and meIt
fracture of the extrudate have been studied.

~ EXPERIMENTAL
Base Materials Used

The NR sted for this studg was Indian Standard
Natural Ru de, conforming to IS
40<SS-| Wﬂ? snecn‘rcatrons PP userz In the present

S Isotact opx iene (Ko\lene M080
f n/t lan Petroc)w ﬁn’t%[s pCo rpor }t?on Ltd,). The
cl aracterls f the a

0\e two biise materials an*
givenin Ta

Preparatron of the Blends

Fonpulatlotis of the blends are given In Table 2
The BP (? ratlros are denoted by Petters B.D. and
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Table 1. Characteristics of NR and PP

Property NR' PP
: . 1.05.000
Moecufar Weight 7.80.000  5.30.000
Mo-ecular Weigf*t Distribution 5.0

Intn.".sic Viscosity (Benzene, 30*C;

4.45
.\Ve:; Fiow index (230"C and 2.16 kg)
WFI 10.0
Wa.;ace Plasticiry P, 59.0

Table Z Composition of the NR-PP Blends

@Inu%er attached t She movin cr?sshe
arn { period of fi%e mirs. tlie m'lu
truded hrough the capillar\- at pre-sele,.»i/"
of the cro, «head which varied from o 3 f

er min. The ny-It hergelt in the barrins
extr sion was_ kept the same ‘in all the exn
an the maclnnewrso erated to give five
plunger speed.s from [ower to higher sne«S A
srngle charge of (he material. Forces corresn S
to Specific plunger speeds were recorded
str| chart ecor erassembly The forceandS
ea snee Weeconvere into apaaré.* |
sress ) and shear rate (7 ) at wall bv Usin

Components d 0 F
tron involvin the eometr\' n
Na:ura! Rubber* 30 50 70 Cap ygan%uﬁ]e piung er J J 3‘ |
Pcyypropylenc* 70 50 30 |
Cunng systems* U.D.M.S UDMS UDM.S ]
‘ K8 avinafromVREM(ftM - «(IrdA —1AI'I||\/|)
) ik PrMMCN VAL MM B+ 1V 32Q

Y R B ar ke pMVHOCE 10 (b
% G
il ;i,%r?hr:i,ﬂto:'rh

F. Tlig suffixes U, D, M. and S denote_ Ilie bIends
xvrIIront anlg curatrvde th tcontarnrng dicuinyl per’
0.xide, ( mixe suffur cur sste 5, Te-
BectrveY hus, the I>Icnd Bm means P as
30:70 with mixed crosslrnkrnlg system, The tf
ratios were selected to represént |I|ermop ostic

o|:Lsloiner ranges of the polyolefin-elastomer
ends Blends 0f NR and PP wgre pregared in a
Brabender Phisti- corder model PLE using a
cam-ty )%e mixer with a rotor speed of SO'rpm and
the nitXpr chamber femperature st at IS 'C. PP
w:Is Inetted in the mixer for one min. and then INR
was added and the bIend was allowed to mix for
four mins. At the end of five mins., curatrves were
added %n the mixin contrnueg or tlire more
mrns lend Was en oyt and sheeted through
a agorao ry mil at20mm nip setting, Thesheeted
matérial wi« cut Into small pieces and again mixed
In the Phisti-corder at 1SO’C for one mif. and then
finally sheeted out in (he mill so as to get_uniform
tlispersion of the ingredients. Except DCP, all the
mgredrents were added as masterbatches For
blénds eontarnrn?n mixed cure system. DCP was

dded after four mins. blending of PP and NR and
then (he mixing continyed for one mn. Other in-
redients were added after this step. Spcciniens of
imen.slons 5.0 by 5.0 5 mm wrre cut from
he tsheets and used for 'the melt flow mea.sure-
nu‘uts

Melt ri»)w Measurcment.s

The uielt fiow measliren\onts were carried o/t
usinua capillary rheameter MCR 3210 attached to
an ltislron Uiiiversal Te.sting Nhicliine mogel. 1195
andqac Hpill:in\ of I<nfith t? Br(r)atneter ratrr% rilr). 10

Nith an. atil:le.of entr aniple for. testin
Was ni.lir1 msniJ ﬁu*l urrr! of ihr fx?nrsrotr nssrnrg

U rltgre FISIS'[ the IgsrsceS ea rolrlread gtapartreglars,
3 the Iengtn ?theeapr‘ ar ant?ad‘r h d)

f th caprllar the vqume low rate
calvu ted from the velocit of crosshead an(
amcterot e rd] une «" IS e flow behavior ir
qerined [s % 21 g
delertnrned bv regression ana srsofthev Iur

atu 0 talne g'experiment
oy e RS vl i Wa%atafnﬁatf
7 «..

RESULTS AND DISCUSSIONS >>:

Qur earlier studies (39, -10) on the phft]/srcal D
erties and tensile and. te.ii failure o1 the pit
shoxved that the pnysical properties of IH
were |mpr0ved with mcrease In degree Ofceoss-
mfgo f the rubber phase. Tl de%r e of crosslin*
he rubber h«e in the blend was in the on
sulfur ¢ e> ixed cure > DCP curg, as meagii
the V, values (volume fraction of rubber in,
sop ent swollen sample of rubber vulcanizates v
faining the same level of curatrvesg x'hich «
0.07. 0,13, wukl 0.17 respectrvely for DCP, mr
and sulfur cured samples. lv

Erfect of Blend Ratio and Shear Stress on A
Vrscosrty 3li
'itXure i shows the effect of blend . 1o andsh j
5} on visvosUy of t}re thermopla-stic F -« |
| At Iowers ear .stresses, the vrscto,%t, d
end incr ith increase in
B ? rhiz Irhe vrrscosert a l|rses " f
rease In shear stress and % hear s 1"\
2 X 10 Pa), the difference bet eent evrsc"
»f the blen S contarnrng various

and NR 1s.only Htrargrn |. At lower
the xrsc<»srtv of resh” PP pt'llc¥ls is

end (Be 1 .
?Jﬂ’dl plf correspondrng d(e )ﬁrfee |In( M \fcltr.I



i k*P1I”M 6 DIGU ;i rodncfcl rosshnkinj; of (he nilI)iT pfjase is only marginal,

ffgﬁosrb This is qvidnit from'ﬁrg*‘ljowervrscosrty Eend Bf Js hows | owgr) Vi cbsrt at | g gear
#u|s l)con nu*IU*t and oaroi) 1> stresses and higher viscosity athrrqhershear stresses

W asreordp 11 or Sniins, at_1S0*C andI SO ri>in, than the blen scontarnrng crossfinked rubber par-
rft II'at of fresli FF poIIcfs Irowcever, ticles (Bi). Bm and Bs |) Ince the] Ispersed rubber
"rosrear\rscosrlﬁ sliown bgbend Bu at lower hase S avrnghr he VIscosity t a e continuous
stress remains unexplaine ne continuous ph;ise exgerrences

of D namic Crosslinkin” and Shear Stress theosrarr]nae“%e]tgourrn) '“O{}n'e” a{/l tthg bleggﬁs\evdhprer?sse rt:thee
\'iscosity Pen S 0N Its me tvrgcosrtz (361 It has been reonorted

leeffect of shear stress on vrscosrtyofthe 3({ 70 hat the uncrossrnked rUbDef particles in p oo,
pp blends containing rubber particles ha)l iing by lene-elastomer blends are ger in siz€ and
>rwte\/tent5 of crossti nKm Is shown In Fif. %|I|g/ deforJ«abIe 35) and th>at these particles are
lower shear stresses, th vrscosrt of the bIends kén_down into smaller_ones under high shear

|g5u|t mcreage |n etiree of crosslinking of rates (37% as obser\ed in other heterogeneous
ru ber pluis her's earstressesalso he blends’ (- [) Crosslrnkrn of the ehistomer phase
the suﬁ(\ eve tJionNh the difTerences In Increases Its viscosit decreases the deforma-
.Bﬂ]es of the blends hivrng different extent of tion of the disperse partrcles as |nd|cated by the

Incre;ise_in Brabender mrxrn torque val ues at
. SO'C, SO rpm rotor speed) from 5 L for the
%a'e“-' uncrosviinked blenil (BF) to’SO JNm for II ¢ sulfur
crosslinked blend (Bs). onsrderrng the an ove de
tails. the changes 1n"morphology 0f the b
containing uncrosslrnked and 0sslinked rubber
jarticles, “ynder low and high shear stress congli-
lons. »nay be represented |sd|p|cted in Frp 3, The
uncrossrnked rubber artrc es in th? end are
elongated at the entrang e of the capillary and are
broken down |nto smaller partrcles where s, the
cross| nked nPartrc es wfuclr are less deformah e]
retain the morphology of te lend even at hrgI
shear stressfes Thus the hserve |ference
viscosities cf the uncrosslrn ed bIend BuAn Cross®
linked blengls B>, a\nd Bs at low and sheﬁ
stresses 1S udeblot e cliang ern mor hoIo t e
uncrossne end u er hi searsr onr
tions. The DCP cure[(} % [b é

0 xIrows lower vi"vooMh' compare Wrth thato bIen s
0] D D D Bm and Bs. It has been re?orted that DCP
Shear stress L . Pa detgrades PP at elevated temnerature and tliat this

/. yitn\ilif-\lutir \hon hiC II5#" cffvef of ruUln-r ffect |s more nromrnent at higher groportrons of
Miil. il SH 1T lilniih at 21U°C. blemls. ;is evidenced by_I»cre;ise In

meIt row ingex values of these blends (7). Thus the

D lower vi.sc s?t ffth b?end Bo can beg}rrbu]ted 0
t edegra atfle eftect of DCP on PP at high tem-

peratuhreo blend mgP

?0 50 NR'PP bIenrt here is a shaﬁ]

cre;ise in \Is qsrtywrth crossiin |n at Iower ear

stresses and blends Dm and Ds sh ow Yre stresses

{liil- "1)- Mimsledt (2-) lias reported tiuit In rubber

BCfOBC DURING AFTER
EXTRUSION EXTRUSION EXTRUSION

:D <O :U BLENO
SHEAR STRESS r. Po rou T dur\riiliitiim nf ihtwihir diiiii iiR>>Aj nj 70 70 SI Pf
* 2 shvw pLil\ \hiiu ilia Hir 4-lrrtoft o hhrnl |I|r PUrl »f \Irfur___ mi tiin ins“liiikftl ami
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STRACT

The tensile pro”rties of thermoplastic polypropylene [PP]-
tural rubber [NRjblends have been evaluated with special referen-
to the effect of blend ratios and dynamic cross-lin)jing of the
Jstorer phase. The effects of silica filler and silane coupling
nt on the tensile properties of the 30:70 PP:NR blend have also
n studied. Analysis of the stress-strain curves and scanning
fctron microscopic examination of the tensile fracture surfaces
the blends have been used to correlate the test results on

tsile properties.

rRODUCTION

Thermoplastic elastomers are materials having the characteris-
ks of thermoplastics at processing temperatures and those of
mastorers at service temperatures* This unique combination of the
moperties of v"jlcanized rubber and the easy processability of
~stics enabled thermoplastic elastomers to bridge the gap between
Dventional elastomers and thermoplastics* Among the different
Pes of thermoplastic elastomers, those prepared by physical blend-
Mof an elastomer and a thermoplastic material in an internal

*er under high speed mixing, at temperatures above the melting
Int of"the plastic, have certain definite advantages. In these
Pes of blends, the desired properties can easily be achieved by
~per selection of the elastomer and plastic components and their
tios in the blend*

During the period from 1960 to 1975, a large number of patents
slastomer-thermoplastics blends, especially those on ethylene-

N584/85/53.30 © Elsevier Sequoia/Printed in The Netherlands



propylene rubber [EFM] , ethylene—propylerreaiene rubber
pol\*pra?ylcne [PPj vere tssned [1-3J . Consider”le iinprhe—9a" j
properties of i?DX-PP tnermoplastic blends, by partial

ing of the elastomer phase during blending (“dynamic

was reported by Fisher [4]. Recent developments in thermoplastic
elastomers have been revievred by several authors S-Vje Thenno*
plastic blends of EPDM and polyolefin dynamically cured during
blending was reported by Fisher [8], Carrpbell, Elliott and
VTheelans [9]have described the method of preparation, injection
moulding conditions and physical properties of-a range of natural
rubber NR — PP and NR - polyethylene [FE ] thermoplastic blends*
Slliort [10] has compared the properties of thermoplastic KR - pp
and IR - HDPE blends wirh those of commercial thermoplastics like
styrene-butadiene—ati“rene- block capcl\Tnerv.thennoplastic. palyure-
thaxie etc*» .in. “plications such as ailrtmotxre components* Recently-
Coran and ctt—ori:ers£11-1S] have studied EH3K — nltri”™ ndile*:
nylon and many'" other:<iastomer - g fBpplasticy con”sDsitians and
attempted to correlate the physical-prtiertiear. of. the. .
the fundamental characteristics 0t thg"elasCbmcc™ and trienRaplastic»
components of the blends. Ramos-De Valle and Ramirez [ 16] have *
reported the me™ianical properties o-f guayule rubber - KDPC ﬁerno«i'
plastic tilrnds and. the rbeflloglcal bcha.vinttr-Q£-ti*->alc3ids. iiar
further stnttird.hy Ranasf-Qe?Valle o QMnor-and”®
hgge stgdtrd-tetAmlInt-propBgti**

theoi”iastig”clan fMFtg.tg ujnimrtv EVTiltte-tiigse. af. aatgwySttaoA” n

ethylene* The use of fine partilLcle silica at. lower Tfwrfings has
been reported to improve the physical properties and reduce tiie
shrin)caoe of themoplastic elastomer blends contaiztin™ m. hidxer
proportion® of elastoaer phase n Sllane coopling asents®
have been reported to. enhance the pl~sical prciserties-of silic*-
and china clay filled rubber compounds £21-29J4

Is this paper* we report the results of our studies on thetnw
plastic NR — PP blends with skF>eclal reference to the effect n
dynaznic cross-linking of the elastomer phase on the tensile
ties of the blends. The effects of blend ratios, silica fiH®"
that of the silane coupling agent on the tensile properties have
also been studied. Tensile fracture surfeces of the blends have
been analysed by scanning electron microscopy [sEK]. SEM has been
successfully used to study tensile fracture surfaces of rtrbbe”

vulcanizates and rubber-fibre composites [30—33J.



JPERIVENTAL

Fonnulations of the mixes used are given in Table 1. The blend
tios are denoted by the letters A, B, C, D, E and F. Letters U
NS denote the blends without any curative and that containing a
ijgur cure system, respectively. Blends containing silica and a
lare coupling agent are denoted by Si and X respectively. Thus,
gd F S Si X denotes 70;30 NR:PP blend with a sulphur curing
ste/ containing silica and silane coupling agent -

ik '» Formulations of the Blends

ed A B C D E P
lypropylene® 100 70 60 50 40 30
tural Rubber” - 30 40 50 60 70
rative® - u,S u,S u,s U#S u,S
ler® - - - - - Si
apling AgentQ - - - - - X

Isotactic polypropylene# Koylene MO030, obtained from Indian
Petrochemicals Corporation Limited# Vadodara# Gujarat.

trumb rubber, ISNR 5 grade# obtained from the Rubber Research
Institute of India# Kottayam# Kerala 666009.

‘U/ Blends without curative*

S, Blends containing zinc oxide 5«0# stearic acid 2.0# CBS 2J3#
TKTD 2*50 and sulphur 0.30 phr.# based on rubber phase only.

Wecipitated silica# vulcasil S# obtained from Modi Rubber Ltd.#
Modipuram - 20 phr loading based on rubber phase only.

Bis [triethoxysilylpropyl] tetrasulphide# Si-69# obtained from
Modi Rubber Ltd*# Modipuram - 5% by weight of silica filler.

Blends of NR and PP were prepared in a Brabender Plasti-corder
tel PLE 330, using a cam-type mixer with a~rotor speed of 80 rpm
~ the mixer chamber temperature set at 180 C. PP was melted in
6 mixer for 1 min and then NR was added and the mix was allowed
blend for 4 min. At -the end of 6 min, curatives were added as
"ster batches and the mixing continued for 3 more min. The mix
« then taXen out and sheeted through a laboratory mill at 2.0 mm
N setting. The sheeted material was cut into small pieces and
AIn mixed in the Plasti-corder at 180*C for 1 min and then final-
sheeted out in the mill. This second mixing step was found to



be necessary to get uniform dispersion of the i1noredients. " in _z‘lj’}e e
case of silica filled blends, a master batch of the silica in nr _
was prepared first and this was added to PP and blended for 4 T >®
The sheeted out stock was compression moulded in an electrically
heated hydraulic press at 200 C for 3 min« The mould used was
provided with bolts and nuts so that the material inside could be
held under pressure even after taking out the mould from the press®-
At the end of the moulding time, the sample, still under ccanpress~;
ion, was immediately cooled by plunging the mould into cold V\HEI’ 1]

5
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Fig. 1.Tensile test specimen and scan area for SEM observations.



Juryni foils were used between the mould surfaces to reduce

ink marks on the sheets. Tensile testing of the samples was

e at 25 C as per ASTM D 412-80 test method at a cross head speed
500 mm per min using an Instron Universal Testing Machine

Nel 1195

The SEM observations of the tensile rupture surfaces were made
ng a Philips 500 model scanning electron microscope. The frac-
e surfaces of the test samples were carefully cut out from one
the failed test pieces without touching the surfaces and then
itter coated with gold within 24 h of testing. Tensile rupture
cin’ns were stored in a desiccator before and after gold coat-
until the SEM observations were made, in order to avoid conta-

lation. The tilt was kept at 0 and the orientation of the

Jtographs was kept the same in all cases. Fig. la, Ib and Ic

Jv details of test specimen, scan area and photographic direct-

Thermoplastic elastomer blends of NR and PP in the ratios

70, 50:50 and 70:30, respectively, were chosen for the SEM

j %
JULTS AND DISCUSSION

Table 11 gives the physical properties of the thermoplastic PP-
blends. The Brabender mixing torque increases with an increase
the proportion of the elastomer phase in the blend. Cross-link-
?of the elastomer phase further increases the torque values and
effect is more prominent in blends containing a higher propor-
N of the elastomer phase. Addition of silica does not increase
i torque in uncross-linked blend, but in cross-linked blends the
crease iIs quite remarkable. This indicates that processing of
| blends becomes difficult and requires more energy as the rubber
Dtent iIncreases.
The tensile strength of the blends decreases and the elongation
break increases with an increase in the rubber content of the
inds, both in uncross-linked and cross-linked blends. In blends
titaining a hinher nrooortion of PP, the elastomer phase remains
dispersed particles. Smaller size and uniform dispersion of the
spersed phase improve the tensile properties of the blends [H]*
Ramie cross-linking of the elastomer phase during blending
creases the viscosity of the blends, as seen from the increase
Brabender mixing torque values [Table 11 ]« At higher viscosity
tter shearing action during blending leads to finer size and more



unifonn dispersion of the elastomer phase in the ?P matrix [34J
Thus the increase In tensile strength with cross-linkinc of the !
elestcmer phase of the blends containing a higher proportion of p
is due to smaller particle size and more uniform dispersion of th
rubber phase, compered with that in the uncross-linked blends, A
the proportion of the rubber content is increased, the rubber
also tends to form a continuous phase and both plastic and mbbﬁy
phases exist ss an interpenetrating two-phase system, looking ii)J
a sea sponge structure, due to the higher proportion of the elasla
mer phase end the lover viscosity of the plastic phase [35]. As
the cross-linking agent has its action only on the rubber phase™r™
and since the elastoir>er phase tends to form a continuous phase,
the tensile strength and eloccatian at break-of the-
wl-ttucxascsvlinking: o f- .elasrgagriphgsgr- effect

becanes®-marB-" croiirlngnlL atra.. ijiui t-iggr ilA stam sr-
phase in the blend* " L

Table I1l1. Properties of the Blends

Sample Kixirig- tiortMue M oduliis Tensile strength. Elongation].
numter after 6 mia.Km~ 10034, MPa at

A 5,5: 5 .at 1.
Ba: 5*5_ is jx -

BS- IS **—: —

or: o 6*5. m 17J6C..: toD.efr~-.
cSs*" 17*a. TJJi- -y r9o»tr.:. m
Da* 7+5 B79 100~

DS 14 ia ,r 1z A zja.a

EJT 9.0 5+*3 5 *j i30.a

ES 21.0 6.0 t2 .1 220,0

TV 10.0 1.7 2.4 180.0,
FUSI. 9*5 3,1 27Sjy "
FUSIz 9*5 2 ] 300~-.
FS - 227 5N _— 9 J. 270N
FSSi 32 .tJ 4.2 8.0 220,0
FSSiX 32.0 5.5 8.9 200,0

Addition of silica Filler improves the tensile properties of
the uncross-linked 70:30 NR:PP blend and decreases those of the
sulphurcured blend. A similar trend has also been reported
carbon black filled NR-PP/HDPE blends [9], Addition of a silane
coupling agent reduces the tensile strength of the uncross-lin@"
silica filled blend, whereas that of the sulphur cured sili™ -
filled blend is increased. The decrease In tensile streng”
the uncross-linked blend is due to a lack of reactivity of the



UaTje coupling agerjt witti the filler at?a”he matrix In *the

jognce of a proper curing system [23]. In sulphur cured blends,
gflial interaction of the coupling agent with the filler and the
UFix results in better interfacial wetting and adhesion of the
~er« and helps to improve the dispersion and to prevent refloc-
Lation of the dispersed filler particles. This leads to an
“pfovement of the tensile strength of the cross-linked blend.

FP tNR
70 :

Q"N
3 0

397

-M tHfCMSSiIHNCZfi
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STRAIN, V.

2.Stress-strain curves of NB-?? blends.



Stress-stralTJ curves of thB blonds given in Fig* 2 show that
muncross-linked blends containing a higher proportion of the
phase undergo plastic type deforraatlon, .giving no further increase
in stress after the initial increase, with an increase in strain*
Blends containing a higher proportion of PP show plastic deforma-
tion with yielding. But cross-linking of the elastomer phase
e changes the nature of the stress-strain curves to that of rubber
Yulcanizates. At. lower strains™ the sulphur cured - silica fille3
= bled*-, shows lower modullus, hest at .higher strains the blend contain-
ing a silane coupling agent shows higher modulus values. Scanning
electron microscopic observations of the failure surfaces of the
blends further illustrate the deformation behaviour of these blends
Fig. 3 shows the tensile fractograph of PP. The failure is of
a brittle nature with multi-directional erases* Addition of \R to
PP changes the fracture mode from brittle to ductile type. Fig-4,
5 and show the tensile fxactssrapb :of tiee "uncross-linlced 70:30, -
—ad FP:-hfAl -blends* respectively. N
oa the surface# indicating xacfoimatlm before Jfoilure*-As te*i:
Ttitibex content blcskd I s .increased* Xbe teittle nature is J|
further reduced and the fracture surface of the S0:50 blend [Fig.

shovs itigher llcur of the lastrix* la the 30270 PP:"R hlend, the

TishbcT phase Also becomes cootisuous ia”aatsre and ~“he ."acture

" ;:ixarlface N >

» m=13igyyTigy Jg: 1™ - e
3aaila<g: Thmofirfi® J«gB Tjuifuii i-di53
vXastSMET “Urne-sailer'Sjaee- Jijii Lross-1Snted
ME 5GM

Fig. 3. Tensile fractograph of polypropylene*



Tensile fractograph of blend FU.
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L 11, Tensile fractoaranh of blend FSSi

>12* Tensile fractograph of blend FUSiX,



Fig. 13. Tensile fractograph of blend FSSiX.

nature make the dispersed particles more effective in craze initial
tion and In restricting matrix flow. This is evident from the
fractograph [Fig. 7 ]Jof the cross-linked 70:30 PPtNR blend. The ~
frocture surface of BS shows one main fracture line and many
secondary fracture paths attached to it* In the case of the SO}
blend [rig. 8 ] « no separate fracture path is visible and the frai
ture surface shows restricted flow of th™ matrix due to cross-lin)
ing of the elastomer phase. In the 30i70 Pp:NR blond# the rubber
phase becomes less deformable due to cross-linking. Since the
rubber phase also forma a continuoua phase# the fracture proceeds
by shearing action. This is evident from the fracture surface of
the blend [Pig. 9 Jwhich shows fracture paths In different planes
The fracture surface of the uncrosslinked-silica filled 30:70 PP*IN
blend [Fig, 10 ]shows a smooth surface with dispersed silica partl j
cles. The flow of the rubber matrix in this case is restricted ~
conipared with that of the unfilled blend [Fig. 6 ] due to higher |
modulus of the silica Ffilled blend. Due to cross-linking of the ¢
elastomer phase« in the case of blend F S Si, the fracture

by shearing action, as evident from Fig, 12. Addition of a coupl-?
ing agent improves the interfacial wetting and adhesion of the r
silica filler to the matrix. Since chemical iInteraction occurs
only in the presence of a suitable cross-linking agent# the frac*
ture surface of the uncross-linked-silica filled blend contain!™® *
silane coupling agent [Fig. 12 ] shows a rough surface due to the
removal of the partially bonded silica particles along with the
matrix, during the fracture process. In the silica filled blend
containing a coupling agent and a sulphur curing system# chem ical



teraction of silica with the matrix through the coupling agent
creases the modulus of the blend and the fracture proceeds by
N-"sing action. The strength properties and the fracture surface
Jig, 13 Jof this blend are comparable to those of the unfilled-
ilphur cured 30:70 PP:NR blend [Fig, 9 ,

INCLUSIONS

The tensile strength of the thermoplastic PP-NR blends decreases
,th an increase in the proportion of the elastomer, both in
icross-linked and cross-linked blends. Dynamic cross-linking of
E elastomer phase increases the tensile strength of the blends

O this effect is more prominent in the blends containing a higher
oportion of the elastomer phase. Addition of rubber changes the
ittle fracture of the polypropylene to a ductile type and cross-
nking of the elastomer phase changes the deformation behaviour
the blends from plastic to elastic type, A silane coupling

ent helps to keep up *-»nsile properties of the blends, where
ne particle silica filler is used in blends containing a higher
oportion of the elastomer phase.
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jcanning electron microscopy studies on tear failure of
hermoplastic elastomers from polypropylene — natural

ubber blends

jABY kuriakose,s. k. de

‘flubber Technology Centre, Indian Institute of Technology, Kharagpur, I/Vest Bengal 721 302, India

IThermoplastic elastomers are becoming increas-
lilgy popular since they combine the processing
'idvjntages of thern7oplastics and physical proper-
fies of elastomers. Reviews and research publi-
cations on the preparation, properties and appli-
cations of thermoplastics-elaslomers blends have
jppeared recently [1-11]. The major area of
jpplication of this type of material is in footwear
(L2]. where processes such as abrasion, flexing,
ind tear are the prominent factors, leading to
ftiliire of the product. The mechanism of tear
fracture or rubber vulcanizates has been studied
indetail by several research groups (13. 14). The
tole of rubber particlcs in the mechanism of tear
propagation In rubber modified thermoplastics
ad thcrmoscts has also been reported (15-18),
Scanning electron microscopy (SEM) has been
found to be a valuable tool in studying the frac-
ture mechanism of rubber vulcanizates and rubber
Jascd composites (19-22). In this paper, we have
tudied the effects of blend ratios and the influence
of dynamic crosslinking of the elastomer phase on
he tear strength of thermoplastic polypropylene
PP)-naturai rubber (NR) blends. The nature of
ear fracture of these blends has been studied by
Using SEM.

Thermoplastic PP-NR blends were prepared in
i Brabender Plasticorder at 180° C and the blends
vere moulded in an electrically heated hydraulic

fABLE | Formulations of the mixes

Mi

A B
‘olypropylene” 100 70
“atural rubber* . 30
‘Uratives*” - u.s

press at 200°C to get sheets of 1S.0Ox 15.0x
0.2 cm size. Detailed mixing and moulding pro-
cedures have already been reported [23]. The for-
mulations of the mixes are given in Table I. From
the moulded sheets, test samples (unnicked 90°
angle test pieces) were punched out along the mill
grain direction, for tear testing. The tear strengths
of the samples were determined as per ASTM D
624-81 test method, at a crosshead speed of
500mmmin"*, using an Instron Universal Testing
Machinc (model 1195). The tear strength values of
the samples are given in Table II. The tear fracture
surfaces were examined under SEM using a Philips
500 model scantling electron microscope. Fig. 1
shows the details of the test specimen and scan
area of the fracture surface.

In rubber modified thermoplastics, the principal
effect of the elastomer phase in the fracture
process is to atlow the energy to be dissipated into
a relatively large volume of the material at the tip
of the crack. This is more effectively accomplished
by a smaller particle size and uniform dispersion of
the elastomer phase in the plastic matrix. From
Table II. it is seen that the tear strength of the
thermoplastic PP-NR blends decreases, both in
uncrosslinked and dynamically crosslinked blends,
with an increase in the proportion of the elastomer
phase. Dynamic crosslinking of the elastomer
phase gives higher tear strength values compared

c D E F
60 50 40 30
40 50 60 70
u.s u.s u.S u.s

Kaylenc M0030, obtained from Indian Pctrochcmicals Corporation Limited. Vadodara. Gujarat,
Crumb rubber. ISNR 5 grade, obtained from the Rubber Research Institute of India. Kottayam. Kerala.

L. Blends without ang
030 phr. based on rubber phase only (sulphur cure system).

261-8028/85 $03.00 + .12

© 19S5 Chapman and Hall l.ul.

curative. S. Blends containing zinc oxide 5.0; stearic acid 2.0; CBS 2.0; TMTD 2.5<iinJ sulphur

455
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FOfiCE
(0) (b)
with ihuse of the uncrossUnkcd blends ;ind this
effect is more prominent in blends conlaimng a
higher proportion of the elastomer phase. At higher
proportions of PP in the blend* tj»e rubber phase
remains as dispersed particles. In uncrosslinked
blends, the molecular entanglements in the rubber
particles alone are unable to prevent rapid flow
and fracture» in response to an applied stress. This
results in the lower tear strength of the uncros®
linked blends. Crosslinking of the elastomer phase
during blending increases the viscosity of the
system. A better shearing action at higlicr vis*
cosities results in a fmer particlc t\it and uniform
dispersion of the elastomer phase |24]. During
tearing, the rubber particles which bridge tlie
growing crack, strctch to very large strains before
failing. Tlie tearing strain of a rubber particle
increases as its size is rcduced [18]. Crosslinking of
the elastomer phase allows the rubber particles to
reach higher strains and at the same time confers
mechanical strength to the particles. Thus, the
higher tear strength of the dynamically cross-
linked blends compared with that of the uncross-
linked blends is due to a smaller particlc size,
higher elongation and mechanical strength of the

Frewe 1 angle tea,
specimen, fracture surface
scan area. e

dispersed panicles, In blends having higher rubber
content, both the polymerr form continuous
phases, due to the higher proportion of the:
elastomer phase and the lower viscosity of the]
plastic phase. As the rubber phase also tends to®
form a continuous phase™ crossUnking of thei
elastomer phase increases the tear strength of the
blends containing a Ingher proportion of the
elastomer phase.

Scanning electron microscopic examination of
the tear fracture surfaces of the blends supports
the above views. Fig. 2 shows the tear fracture*
surface of PP. The presence of several parallel
fracture bands in different planes reveals the
brittle nature of the failure. Fig. 3 shows the frac-
ture surface of the uncrosslinked 70:30 PP-NR
blends. It indicates the initiation of the paraboUc
fracture pattern which is propagated concentn-
cally as the tear advances. The fibrils on the
surface along the direction of propagation of the
crack indicate the high extent of deformation and
the ductile nature of the failure. Increasing th®
rubber contcnt in the blend increases the con-
tinuity of the rubber phase and the fracture sur
face of the 50:50 PP-NR blend (Fig. 4) and

TABLE U Tear strength of NR-PP ihctmophslic blends (kN m*”)

Syslam
UncTosslinkcd 126.0 100.5
Dynamicalty
crosUmkced 1s2

D
78.2 54.9 36.1
100.0 93.1 73,8



figure 2 Tear fractograph of PP, brittle failure. Figure 5 Tear fract%graph of blend FU, smooth, con-
tmuous tear path and rough surface.

FiireJ Tear fractograpli of blend BU. parabolic crack  Fijfifre tf Tear fractograph of blend BS. short rounded
aitiation and fibrils. tear lines.

leisre 4 Tear fractograph of blend DU, smooth tear path ~ Figure 7 Tear fractograph of blend DS, broad continuous
*nd rough surface. tear path.



30 Jim

Figure 8 Tear fractograph of blend FS, smooth surface
with cracks.

ihai of ihe 30:70 PP-NR blend (Fig. 5) both show
3smooth tear path with a rough surface. Dynamic
crossUnking of ihe clasiomei j™asc in ihc 70:30
PP-NR blend reduces the particle size and
improves the dispersion of the rubber phase. The
resistance to high deformation of the crosslinked
particles restricts.tlie flow under stress, as shown
by the presence of many short rounded tear lines
on the fracture surface (Fig. 6). In the 50:50
PP-NR blend, crossiinking of the elastomer phase
gives a broad tear path (Fig. 7) as the rubber phase
also tends to form a continuous phase. In the
30:70 PP-NR blends, both the plastic and rubber
phases exist as a continuous interpenetrating two-
phase system |25] and dynamic crossiinking
reduces the deformation of the rubber phase.
Under the applied stress, a series of discontinuous
cracks are formed (Fig. 8) on the surface due to
less deformation of the rubber phase and the weak
interaction between the two phases.

The present study shows that the tear strength
of thermoplastic polypropylene-natural rubber
blends decreases with increase in rubber content
in the blend but dynamic crossiinking of the
elastomer phase gives higher tear strength values as
compared with those of the uncrosslinked blends.
Scanning electron microscopic examination of the
tear fracture surfaces indicates that brittle fracture
of polypropylene is changed to a ductile type with
the addition of natural rubber and crossiinking of
the elastomer phase changes the high deformation
nature of the blends (plastic type flow) to restricted
flow (elastic type), under tear fracture.
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Lidies on the Rheological Behaviour of Four Thermoplastic

astomers

roduction

moplastlc elastomers (TPEs), as the name indicates,
~ the characteristics of thermoplastics and those of
anized elastomers depending on temperature. These
erials may be block copolymers consisting of a hard
tnoplastic segment and a soft rubbery segment or
ros of a crystalline polyolefin and an elastomer or may
~ch polymers which have specific stereo-regular struc-
and controlled extent of crystallinity [1, 2]. Elastomers
:h contain thermolabile crosslinks are also classified
PEs. One of the important advantages of TPEs is that
can be processed like thermoplastic materials, at tem-
itures above the crystalline melting point or glass
isition temperature of the thermoplastic component of
systemn, by extrusion or injection molding techniques,
importance of rheological studies in predicting the
(behaviour of polymer systems at high temperature and
a conditions of extrusion and ir=jection molding pro-
ses has been described by several authors [3-5]. The
jence of filler and rubber particles on the processing
racteristics of thermoplastics melts has been studied
etail [6 - 8]. Due to the growing importance of TPEs, the
ological characteristics of thermoplastic block copoly-
s and those of thermoplastics elastomer blends have
ib$en studied extensively [9'-14]. and co-work-
{15] have reported the influence of molecular weight
length of the block sequences on the rheological char-
iristics of random and block copolymers of butadiene
styrene and showed that as the length of the block
uences became sufficiently large, the blocks seg-
ued to form a two-phase system and that some of the
lociations of the polystyrene segments persisted even at
iperatures well above the glass transition temperature
wiystyrene. This multiphase morphology of the block
olymers at various temperatures has been reported to
the reason for the high sensitivity to shear conditions of
tkcopolymers of styrene and butadiene 116].
fe~17] showed that the dynamic viscosities of styrene-
Wiene-styrene [S-B-S] block copolymers continuously
eased with decreasing deformation rate. It was ex-
ned that this behaviour is due to the interplay of pro-
ses tending to disrupt and reform the network and do-
n systems in the block copolymer, under different ex-
ts of deformation. (18) have reported
(the changes in viscoelastic properties of S-B-S block
olymer with temperature is due to a phase transition re-
ting in a homogeneous morphalogy at higher tempera-
ssand extent of deformations. @era‘dm’lﬂ'[lg]
>ened that the non-Newtonian characteristics of S-B-S
<kcopolymer at low temperatures change to Newtonian
>onses at about 142®C. Above 142@C, the polystyrene
'cks, existing in dispersed domains at lower tempera-
s, were shown to exceed a critical degree of compatibil-
with the continuous p butg%iprhase. A similar
Isition was reported by IAYB[20] in plas-
hed S-B-S block copolymer and attributed this transition
4n accompanying morphological transition. This was
her confirmed by a detailed study by
In this paper we report our observations on the effect

B. Kuriakose, Kharagpur, West Bengal (India)

of shear rate and temperature on shear viscosity, die swell
and extrudate deformation of four commercially available
TPEs namely, polyurethane, 1,2-polybutadiene, styrene-bu-
tadiene-styrene, and styrene-isoprene-styrene block copo-
lymers.

2 Experimental

21 Rheological Measurements

Details of thelgig ercial TPEs used in the present study
are given in The rheological measurements were
carried out using a capillary rheometer MCR 3210 attached
to an Instron Universal Testing Machine model 1195. A cap-
illary of length to diameter ratio [Ic™d) 40, with an angle of
entry of 90° was used for this study so as to minimize the
capillary end effects. The test temperature was controlled
within + 0,5®C using a thermocouple attached to a three
action current adjusting type control unit. The test samples
were placed inside the barrel of the extrusion assembly and
forced down to the capillary with the plunger attached to
the moving crosshead. After a warming up period of 3 min,
the melt was extruded through the capillary at pre-selected
speeds of the crosshead which varied from 0.5-200,0
mm/min. The melt height In the barrel before extrusion was
kept the same In all the experiments and the machine was
operated to give five different plunger speeds from lower to
higher speed, with a single charge of the material. Force
corresponding to different plunger speeds was recorded
using a strip chart recorder assembly. The force and cross-
head speed were converted into shear stress  and shear
rate 7/ at wall respectively, using the following equations
involving the geometry of the capillary and the plunger -

LA |
SR

where F is the force applied at a particular shear rate. Ap is
the cross-sectional area of the plunger, " the length of the
capillary and dc the diameter of the capillary. Q the volume

Table I. Details ol the TPEs used
Code Chemical name Description
number
P8 1.2-polybutadiene Thermoplastic 1.2 polybutac s-ie
elastomer having 1.2-content >90%
and degree of crystallinity 25 -=JSR
RB 820. manufactured by Japanese
Synthetic Rubber Company. Jaoan
K5 Styrene-butadiene-styrene S-B-S block copolymer havir;
block copolymer styrene-butadiene ratio 4&52 and
containing about 10’ by wt.
amorphous silica. KRATON D5152,
manufactured by Shell Chem.cal
Company. USA
K1 Styrene-isoprene-styrene S-I-S block copolymer having
block copolymer styrene.isoprene ratio 14/66.
KRATON D1107, manufactures by
Shell Chemical Company. US~
PU Thermoplastic polyurethane Aromatic ester type thermoP sstic

elastomer polyurethane elastomer. ESTANE
5715. manufactured by B.F. G: rdrich

Company, USA



flow rate, was calculated from the velocity of the crosshead
and diameter of the plunger, n' is the flow behaviour index
defined by n' = dlog Tjti log 7w.a determined by
regression analysis of the values of  and obtained
from the experimental data, /va'S the apparent wall shear
rate calculated as 32 d'c- The shear viscosity tj was cal-
culated from Tv,and 7 .

2.2 Swell measurements

The extrudate emerging out from the capillary was
collected, taking maximum care to avoid any further de-
formation. The diameter of the extrudate was measured at
several points using an Olympus stereo-binocular micro-
scope, model VB 454, after a relaxation period of 24 h
The average value of five readings was taken as the
diameter dg of the extrudate. The swelling index was cal-
culated as the ratio of the diameter of the extrudate to that
of the capillary

3 Results and discussions
31 Effect of shear rate on viscosity

The viscogslty-shear rate plots of the samples at 180°C are
given in Between the two styrenic block copoly-
mers KL and K5, the sample KL showed a higher viscosity
at all shear rates since it contained a lower proportion of
polystyrene segments (Table 1). The viscosity of both the
samples decreased with increase in shear rate, indicating
pseudoplastic behaviour. The decrease in viscosity of
these samples was faster above a shear rate of tO*s~"in
the case of sample K5, a sharp increase in viscosity was
observed in the shear rate region of 10' s~ It has been re-
ported earlier that polymer melts containing fine particle si-
lica and carbon black show yield stress, which increased
with decreasing particle size of the filler [6, 7]. Similar ob-
servations have been reported for acrylonitrile-butadiene-
styrene and acrylonitrile-butadiene-acrydc ester copoly-
mers containing dispersed rubber particles [6]. The oc-
currence of yield stress in these cases was attributed to the
presence of "structure build-up” or gel formation due to the
inter-particle forces existing among the dispersed par-
ticles. The sample K5 contained about 10% by weight of
fine particle silica filler. Thus, the sharp increase in viscos-
ity of the sample K5 below a shear rate of 10° s~’ is due to
the structure build-up by the silica particles. This gel struc-

Figure 1 Viscoslty-shear rate plots at 130°C

ture has to be broken before the system can flow /42
viscosity of the samples PB and PU showed grad =
crease with increase in shear rate. At lower shear je'
showed higher viscosity but at higher shear rates™
viscosity of PU was higher than that of PB. This indi El
that the viscosity of PU is less sensitive to shear the/™s**
of PB and that PU shows more Newtonian flow d-am
istics at lower shear rates than PB.

3.2 Effect of temperature and shear rate onviscosity — ~

The combined effects of temperature and shegt rateon
viscosity of the TPE samples are shown in 2 0N
viscosity of the styrenic block copolymers (K1 and K5)
creased with increase in temperature and shear rate
higher shear rates the viscosity of the sample K5 showe
sharp decrease, in the temperature range 190- _200®c | »
both these samples, the change in viscosity with increg
in temperature was negligibly small, beyond 2008C
multiphase morphology of block copolymers at tenpe
tures above the crystalline melting point or glass transit!
temperature of the thermoplastic segment has been _
ported by several authors (15,17, 18). Gouinlock and Per
(19] have shown that in S-B-S block copolymer nelts, |
polystyrene blocks existing in dispersed domains at lov
temperatures, exceed a critical degree of compatibil
with the continuous polybutadiene phase, at a temperat

T

s PU

10'=

oo

370 ]B) 190 200 210
Temperature *C
Figure 2 Viscosity-temperature plots at shear rates of 6,
600s-’ *



“M2@C. With increasing temperature, a continuous in-
ase in miscibility would be expected, resulting in a com*
jle disappearance of the polystyrene phase first, fd-
by the polybutadiene phase both forming a com-
jdy homogeneous melt. The nature of the viscosity-tem-
ature plots of the samples K1 and K5 at three different
Jr rates indicated that complete miscibility of the two
iNents of these copolymers may be occurring at a tem-
ture of about 200®C. The viscosity of the PU sample re-
eddrastically with increase in temperature. PU showed
sensitivity to shear rates at 210@C compared with
jr TPE samples. This indicated that PU shows more
Etonian characteristics at higher _tle% atures. The
(behaviour index values n’ given in furthercon-
led this concept. The n' values increased with increase
enmperature and reached unity at about 210

12 F(ow behaviour index and die swell values of -IFB

Ole swell d~d”™at 180
for shear rates Ins "'

Flow behaviour Index n” at tempe-
yet raturein~C

180 19 200 210 30 300 3000
06785 06300 05783 05599 L1010 1047 1139
06484 07265 07011 06832 0962 1304 1371
06566 05304 04585 04272 181 1863 1805
07653 08371 08434 10090 0947 1018 1227

viscosity of the PB sample Increased with increase in
perature and this effect was found to be more pro*
meed at lower shear rale than at higher shear rates.))
been reported that 1,2 -polybutadiene undergoes cross*
] reactions at higher temperatures [22), Thus, the In-
ise in viscosity of the PB sample is due to the effect of
sslinking of the polymer at higher temperatures. At
lear shear rates, the polymer gets more residence time in
capillary to undergo crosslinking reaction. Hence the
e of temperature in increasing the viscosity of the poly-
was more pronounced at lower shear rates.

Flow behaviour index, die swell and extrudate deforma*
characteristics

Je 2 shows the effect of temperature on the flow be-
iour index and that of shear rate on the die swell, at
C, of the TPEs. The S-B-S block copolymer (sample K5)
wed a regular decrease in n' with increasing tempera-
whereas the S-I-S block copolymer (sample K1) showed
nitial increase in n' at 190@C. which decreased with fur-
Increase In temperature. A similar trend of decreasing
lies of n“ with increase in temperature has been reported
elefln based thermoplastic vulcanlzates [13). The de-
ase in n' values of the thermoplastic 1 2 -polybutadiene
fple is due to crosslinking of the polymer, the extent of
‘ch increases with increase in temperature. PU showed
rease in n' values with increase in temperature and at
C, the value of n' was almost equal to unity. This in-
ated that PU tends to show Newtonian characteristics
*pout 210@C. This behaviour may be due to the nor-
®logical transition from a multiphase structure to a
flie phase system, as reported in the case of a S-B-S
ck copolymer by Chung and Gale [18].

all the TPEs included in this study, the extrudate swell

~ gased with increase in shear rate, except for PB which
® "Wed less die swell at a shear rate of 3000 s~\ This u
“d behaviour of PB is due to lower extent of crosslinking

of the sample at higher shear rate, as explained earlier. The
higher die swell values of PB compared with that of other
TPEs is due to a higher extent of elastic response attained
by thi$ polymer due to crosslinking of the chains at higher
temperature. At lower shear rate, PU and K1 samples
showed die swell indices less than unity. This may be due
to drawing out of the extrudate due to gravity, at this very
low rate of shear. Sample K1 which contained higher
proportion of the elastomer phase showed higher swell
values at higher shear rates compared to sample K5.

The deformation of the extrudates shown in FigJe3in-
dicated that there is little deformation for the extrudates of
sample K5 and PU. Sample Kl which contained higher
proportion of elastomer segments showed high deforma-
tion with increase In rate of shear. The lower deformation
characteristic shown by sample K5 at all shear rates is due
to the combined effects of a higher proportion of poly-
styrene content and the presence of fine particle silica filler
which reduced the die swell. Thermoplastic 1,2-polybuta-
diene showed higher distortion at lower shear rates due to
higher elastic response of the sample resulting from a
higher extent of crosslinking at lower shear rates.

SHERR PfITE, Sfc*
300

Figure 3. Photograph showing the effect of shear rate on the ex-
trudate deformation, at 180°C

4 Conclusions

Evaluation of the Theological characteristics of TPEs of dif-
ferent classes namely, styrene-butadiene-styrene. styrene-
Isoprene-styrene, thermoplastic polyurethane and 1 2 -poly-
butadiene reveals that thermoplastic polyurethane tends to
show Newtonian behaviour at about 210®C whereas the
styrenic block copolymers show complete miscibility of the
two phase system at about 200@€C. ! 2-polybutadiene
undergoes crosslinking of the polymer chains at higher
temperature. The changes in shear viscosity, flow be-
haviour index, extrudate swell and distortion of the ex-
trudates show evidence for the above transitions in the
thermoplastic elastomer melts.
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ining electron microscopy studies
snsile, tear and abrasion failure of

moplastic elastomers

(URIAKOSE, S. K. DE
"echnology Centre. Indian institute of Technology, Kharagpur, West Bengal

India

ile strength, tear resistance and abrasion resistance of four different types of

sial thermoplastic elastomers have been studied and their fracture surfaces

d by scanning electron microscopy. Thermoplastic polyurethane (TPU) showed
gformation under tensile fracture, whereas in 1,2 polybutadiene (1,2 PB) the

was initiated by craze formation and propagated by tear failure. Styrene—
«-styrene block copolymer {K1107) showed ductile type failure whereas in
'‘butad/ene—styrene b/ock copolymer containing a higher proportion of styrene

a filler {K5152), the fracture occurred by shearing action. The tear failure

of the thermoplastic elastomers showed different fracture patterns which could
ilated with the tear strength of the materials. The tear fracture surface of 1,2 PB
stick-slip tear lines and that of TPU had a broad tear path with vertical striations.
:ture surfaces of K5152 and K1107 had the characteristics of laminar tearing and
rupted continuous tearing processes, respectively. The abrasion resistance of the
;was in the order TPU >1,2 PB > K5152, which was manifested through the type
} patterns formed on the abraded surfaces. Abraded surfaces of TPU, 1,2 PB and
showed closely spaced stable ridges, widely spaced ridges bridged by elongated

ind highly deformed ridges, respectively.

moulded goods and footwear, wlicrcin factors such
as flexing, tear and wear are the main criteria
leading to failure of the product. The mechanism of
failure of TPEs has received little attention so far.
The failure of rubber vulcanizates and that of
rubber-based composites have been studied by
scanning electron microscopic (SEM) examination
of the failure surfaces [10-15]. SEM has also been
found to be a valuable tool in studying the
mechanism of toughening of plastics and epoxy
resins by elastomer particlcs [16-18]. Recently.
SEM has been used in explaining the effect of
)plasiic elastomers. The processing charac- basic components of the blends on the physical
s, physical properties, applications and properties ofdynamicallycrossiinked thermoplastic
nic advantages of TPEs have been reviewed elastomer blends [19-23]. In this paper we report
feral authors [1-9). The major fields of the results of our SEM observations on the nature
Jlion of lhesc jnalcrials arc in njcclunical of tensile, tear aj)d abrasion failure of some

oo2-2461 s550300 12 (9 Avs GgnanadHal Ld

Dduction
plastic elastomers (TPEs) are a relatively

iss of materials which combine the pro-
advantages of thermoplastics and the
| properties of vulcanized rubbers. These
Is may be block copolymers consisting of a
lernioplastic segment and a soft rubbery
t or blends of a crystalline polyolefin and
omer or may be those polymers which have
. stereorecular structure and controlled
of crystalllinity. Elastomers which contain
)labilc crosslinks are also classified as



j nsr.e Chemical name

1.2 Polybutadicne

Styrene-butaJienc-
styrene block
ei'polymcr

Styrcne-isupienc-
styrcnc block
copojj-nier

1 Thcernioplasiic
pvilyurcihane

mmercialiy available ihcrmoplaslic clasiomcrs,
jneK.  polyurethane. 1.2 pulybuladicnc,
yrenc-buiaUicnc- styrene atid styrene—
jprenc-styrene block copolyincrs.

.Experimental procedure
L. Preparation of the test samples
lie details of the TPIIs used in the present sluly
eghcn in Table 1. The pellcl or flake form of the
FE was melted in a Brabender Plasti-corder
odd PLE 330. for about 4 inin. using a canvtype
«ar with a rotor speed of 80 rpm and chanibcr
swperaiure set at 180*C. The molten material
u sheeted out througli a laboratory mill at
nip setting. The sheeted out stock was
wpression moulded at iSOMC for 3min in
~cially designed moulds so that the mould with
~ sarmple inside could be cooled immediately
moulding, keeping the sample still under
~piession. Samples for tensile and tear tests
punched out along the mill grain direction
the moulded sheets of 15cmx 15 cm x
*om size and test pieces of dimensions 2 cm
1 cm thick were directly moulded for the
Yasijn test.

|-2 Physical testing of the samples
fnsjle tesiing of the samples was done at 25%'C
5in aSTM D412-80 test method using dumb-bell
7gpo(j lest pieces, at a crossiiead speed of 500 mm
using an Instron Universal Testing Machinc
tiodol 1195). The tear slrcnglh of the samples
"as d-jtermincd as in ASTM D624-8!1 test method
unnicked ‘>0* anMc test pieces. The tear test
tirricd out at the same conditions of tempera-

0. sc:iption

Thermoplastic 1,2 polybutadicne ebsionier having
1. fontenl ?reater than 907 and (ecree of Crys-
uUinity [SM. 3SR RB 820. manufactured by
Japanese Synihciic Rubber Company

S-B-S block copolymer havini: styrene butadiene
litio 48.52 and containing about 10~ by wcicht
amorphous silica. KR.ATON K5152. manufactured
b> Shell Chemical Company. USA

S-1-Sblock copolymer having styrene isoprcne
ritio 14/86. KRATON 13-1107. manufactured by
Shell CIK'mica} Compjrij'. I'SA

E<te: type thermoplastic Polyurethane. Estanc 5715
elastomer, manufactured by U. | . Ctmdrich
Company

ture and crossliead speed as described for the
tensile test. The abrasion resistance of the samples
was tested in a Du Pont abrader using silicon
carbide abrasive paper of grain si/.e 320. The speed
of rotation of the abrasive disc was 40 rpm and the
normal load was 3.26 kg. The santples were
abraded for 10niin after an initial conditioning
period of 5min. The abrasion loss of the samples
was calculated and expressed as volume bss in
cnv'h” . The hardness values decreased with time
after firm contact between the indentor and the
sample, especially for TPU and 1.2 PB. Hencc the
hardness values were measured after 1 and 5 sec of
firm contact, according to ASTM D 2240*81 test
method.

2.3. Scanning electron microscopic
observation.

The SEN! observations of the failure surfaces were
made using a Philips 500 model scanning electron
microscope. The failure surface of the test samples
were carefully cut out from one of the test pieces
without touching the surfaces and then sputter
coated with gold within 24 h of testing. The
spcciriiens werc stored in a desiccator before and
after gold coating until the SEM observations
were made, in order to avoid contamination. The
lilt «as kept at 08 in all eases. Fig. J shows ihc
details of test specimen, failure surface and scan
area of the tensile, tear and abrasion test samples.

3. Results and discussion
3.1. Technical properties
Table Il MNives the technical properties of the TPIIs.
Since the niateiials evaluated are manufactured for



Fore*

A/ \/

[\ [\

Fore* Force

TEHSIU

fio

Direction of
Qbrosion
ABRASION
*Frocturt
surface
SCAN AREA

TEAK
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specifiw/ end uses, dircct amiparison of the teclini*
cal prupcnies nuy not be relevant. But tliese
niaierisls represent cuch class of tiiermoplastic
elastomer and show ccrtain distinct properties.
Thus> TPU is characterized by its high resistance
to abrasion, whereas 1,2 PB shows higher (ear
strength and KItO? provides highest elongation.
The abrasion resistance of K1107 could not be
tested as the samples chippcd out during a 1 tuin
run of the test, probably due to its very poor
resistance to cutting and tearing action. The
comparative data on physical properties are used
for explaining the mechanism of different types of
failure of these samples.

The strecss-suain curves (Fig. 2) clearly show
that the deformation nature of the four TPEs
under an applied load in tension, is quite different
from (Jne another. At low strains (<3009f), TPU
shows a stress-strain cuive similar to that of

vulcanized elasiumers whereas, at highei siig
there is a sharp increase in stress, probably dK
the orientation of the hard segments in
direction of the applied stress. This behavi
typical of ester type thermoplastic polyure
(24, 25]. 1.2 PB shows a stress-strain relaiioo

is intermediate between that of plastic and
(26]. At lower strains (<100%). there
tendency to show yielding> but this is
prominent as in the case of thermoplastict,
higher elongatiot\s, the stress gradually inc
with strain and this portion of the curve iss”.
to that of claston\crs. The stress-strain bcliP?
of K5152 is almost similar to that off*™*
vulcaniiates of noncrystallizable rubbers. KUP/
shows very low modulus values at 10w saitsiran
behaves like elastomers containing a vciy|*'|
extent of crosslinking. But at higher

(> 8007f), there is a sharp increase in nw”'

TABLE Il Physical properties of the ihcrmoplastic elastomers

Rubber Hardness Modulus Eloncation Tensile Tear
(Shore A) 300% al breuk sucnglh strength
Is Ss (MPa) GC) (MPa) (kN m *')

TPU 86 75 6.0 400 16.1 37.9

1,2PB 92 90 6.0 745 91 59.1

K5152 45 45 2.8 520 4.2 174

Kl107 35 35 0.34 1450 111 101

Cuuld not be tested as the sample cliipped out after | nun.

1866
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ire 2 Siress-strain curves of TPEs.

lich may be due to the combined effect of
(cniation of the hard polystyrene segments and
ain-induccd crystallization of the polyisoprene
~ments of the block copolymer (27]. Towards

breaking point, the sample yielded and then
|oke with no definite neck formation.

[2. Fractographs

\2.1 Tensile failure

le tensile fracture surfaces of the different types
TPEs shown in Figs. 3 to 9 reveal that these

Materials vary in their deformation characteristics

ider an applied load. The tensile fracture surface

figure 3 Tensile fracture surface of TPU, broad fracture
path.

(Fig. 3) of TPU, which has the highest tei
strength among the four TPEs studied, sh
elastic type deformation of the sample ur
tensile stress, evidence for which is a br
continuous fracture path and less residual dc
mation, indicated by the absence of peaks
fibrils on the surface. The foldings on the sun
adjacent to the fracture path indicate the 1
extent of elastic deformation undergone by
matrix before failure. The nature of the strc
strain curve of the sample also supports the at
views.

The tensile stress in homogenous materials i
be relieved by the formation of crazes wliich \

Figure 4 opened-up craze in tensile failure of 1.2 PB.



Figure J V-shaped foldings in the tear zone of the opened-
up craze in tensile failure of 1.2PB,

semicircular or circular boundaries. The crazes
opened up during tensile failure are cliaracterized
by a central normal stress zone with curved
boundaries and an adjacnet tear zone [28]. The
tensile fracture surface of 1,2 PB shows these
features. Fig. 4 shows the central stress zone with
circular boundaries. The V-shaped foldings adjacent
to the central zone (Fig. 5) indicate the tear zone
which further propagated the crack. A network of
chyinels is also observed inside the ccntral stress
zone (Fig. 6). Thus in 1,2 PB the fracture is
initiated by crazc formation and propagated by tear
fracture. Craze formation before failure is
characteristic of rubber modified thermoplastics
(29). The fractographs and the stress-strain curve
Indicate that the deformation behaviour of 1,2 PB
under an applied load in tension is in between that
of rubber and thermoplastics. The fracture surface
of K1107 shows a smooth fracture path with
peaks due to pulling up of the material before
failure (Fig. 7). The foldings, lips and fibrils on the
surface (Fig. 8) show a high extent of deformation

j4"m

Figure 6 Network of channels inside the central stress
zone in tensile failure of 1.2 PB.

7 Smooth fraciure path with foldings in tasile
failure of K1107. J

of the matrix and indicate the ductile nature of
the failure. Tlic stress-strain curve of this sample'
also shows the ductile nature of failure as
indicated by yielding with no definite neck
formation (Fig. 2). Sample K5152 contains
approximately equal proportions of polystyrene
and polybutadicnc segments in the block copolymer
and the polystyrene segments remain as laminaS
domains in the matrix. It also contains piasticizei
and a small quantity of filler. Under th
application of tensile stress, shear deformatio
between the two segments takes place and th
fracture proceeds by shearing action. This i
dearly indicated by tlie tensile fractograph o
KS152 (Fig. 9) which shows discontinue
fracture paths in different planes.

3.2.2, Tear failure

The resistance to tearing of the elastomer
depends on the process by which stress dissipatioi
near the tip of the growing crack takes placd
This may be accomplished by several process™

Figure 8 Foldings,
surface of K1107.

lips and fibrils on the tensile
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9 Discontinuous fracture paths in different planes
Ithe tensile failure surface of K5152.

? ich as slippage or breakage of crosslinks or chain
g jianglenienls, deviating or arresting of the

neck crack by filler particles, etc. [12]. The
taijis stress dissipation may be understood by
rene examination of tlie tear fracture surfaces,
frrer tear fracture in 1,2 PB has

T ” occeded through a stick-sHp process due to the

feers crystalline regions in the matrix. The
Ithe “ branched tear path, vertical striations

itiie surface and the stick-siip tear path indicate
the * energy expended for the propagation of

i Ctear. The peaks appearing as pulled up wavy
Q- esis (Fig. 1}) show the high extent of sl«fchi»g
Qyj at has taken place before failure. Thus, the high
ar strength of 1,2 PB (Table 1) compared with

at of the other TPEs is due to the higher extent

i stress dissipation through the various processes

lers scribcd above. The tear fracture surface of TPU
jon \ows a broad tear path and vertical striations
fig. 12). The tear strength of TPU is less than
greater than that of K5152. The

ses Mo

()

e
kiire 10 Stick-slip fracture path, branched tear line and
ttcal striations on the tear failure surface of 1,2 PB.

Figure 11 PuUed-up wavy crests on the tear failure surface
of 1.2PB.

fracture surface of K5152 (Fig. 13) does not
contain any continuous tear path, which indicates
laminar tearing between the hard and soft seg-
ments. Small rounded tear lines seen on the fracture
surface may be due to the deflection of the tear path
by the silica particles present in the sample. Tliis
sample shows a higher tear strength than K1107.
K1107 contains about 14% by weight of hard
segment which remains as spherical domains in the
bulk of the soft segment. The tear fractograph of
this sample (Fig. 14) shows a smooth surface and
a continuous tear path with irregular foldings. The
tear strength of KI10? is poor, which is irt line
with the continuous tear path observed on the
fracture surface. Similar observations have been
reported in the tear failure of resin-cured
carboxylalcd nitrile rubber (30}.

3.2.3. Abrasion failure
Abrasion  resistance of elastomers depends
mainly on factors such as strength of the matrix.

F/~i<rc/2 Broad continuous tear line with \ertical stri-
ations on the tear failure surface of TPU.



Figure 73 Small number of short rounded tear lineson the Figure 16 Enlarged picture of the \ertical ridges showii
tear failure surface of K5152. abraded panicles and stable nature of the ridges of TPU

Fifntrc 14 Continuous tear lire with irregular foldings on Figure 17 Widely spaccd ridges on the abraded surface
the tear failure surface of K1107. 1.2 PB.

i

on 1
Figure 15 Closely spaccd vertical ridges on the abraded Figure 18 Bridging of the ridges by elongated fitrils
surface of TPLI . the abraded surface of 1.2 PB.



"3 <

.'ekgHighSy deformed ridpcs and loU form of the
:moved on ihf ibraded surface of KS1S2.

stance lo ihcrmo-oxidaiivc dcgraclaiion, crack
3h resistance under dynamic condiiiuns cic,
from other fa:iors such as frictional force

[t the nature of the abrasive. The nature of
jiiite patterns appearing on the abraded surfacc
*oeen shown lo be indicative of the mechanism
ibiasion of elastomers [11, 15]. Tlie abraded
ice of TPU shou-s 4 well-denned ridge pattern
n{ht angles to the direction of abrasion (Fig.
Mhe absence of any lumpy mass and the
sence of sinjil panicles on the surface Indicate
“these ridges are highly resistant to defor-
»n (Fig. 16). Low ridge height and close
hng of the ridges are indications of high resist*
fa to abrasion |3l). The formation of the ridges
g microtcaring and subsequent removal of t)ie
oiterial from the surfacc depend on the tensile
7ngth. tear and cut growth resistance of the
NirU (32). Thus the inherent strength properties
;» TPU account for iu high rcsistancc lo abrasion.
~ abraded surface of 1,2 PB also shows ridge
“terns (Fig. 17). But in this case, the ridges are
s closely spaccd and the channels between the
| 76S arc bridged by elongated fibrils (Fig. 18).

» PBwhich has ahigh tear strength and elongation

break (Table 1) undergoes high deformation
the torn surfaces are stretched to high
Pngation before the material is removed from the
Mface. This sample shows a lower abrasion resist*
I'e than TPU but hi:her than that of K5152. The
traded surface of K5152 shows highly deformed
(Fig. 19). The material removal in roll form

/N also be seen on the surfacc. This sample is less
/distant to llie frictional forces of abrasion, due
"its very low tensile strength and tear resistance,
"Mch account for its lower resistance to abrasion
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