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The melt How behavior of ihermoplastic polypropyleiie- 
nalural rub\)er bleiuls )ias been evaluated willi specific refer­
ence to the effects of l)leiul ratio, extent of dynamic crossh’nking 
of t)ie rubber phase atid temperature, on viscosity, flow behav- 
if)r index, an<l deformation of the extrudale. The proportion of 
rubber in the btend and tlie extent of dynamic crosslinking of 
the rubber phase were found to have profound influence on 
tlie viscosity of t)ie blends at lower shear stresses. But at liigher 
sh«‘ar stresses, the elT<‘ct of bl(Mul ratio on viscosity was coin- 
pantlivrly h ss for tl|<' uturos.slinkcd blends than that for (he 
ci'osshnkc'd blends. j\\ Io w <t  sh<*ar stress, tlu* viscosity of the 
blend increased witli increa.se in degree of crosslinkitjg but at 
higher shear stress, the effect of cros.slinking on viscosity was 
fom»d to vary dep<‘ndlng orj the ratio of the plastic and rubber 
conit>on<'nts in (he bl(‘nd. 'I’he defoni>ation of the ('xtrudates 
was also very much dependent on both blend ratio and degree 
of crosslinking.

IN TH O D U CIIO N
^l^lierm oplastic elaslomtTs combine the exc(?Ilen( 
JL processii^g characteristics of tl«‘ therm oplastic 

materials at IiiKlier teinperatiin 's and a wide range 
o( pl>ysical p»t)pe‘rli(‘S of ('lastomers at st'rviet' tem ­
peratures (1-4). The materials prepared by melt 
nuxinji of a tlierm oplastic material and an elastomer 
under bifib shearing action, have gaint'd eonsider- 
a!))e atle)>lion (hn* to tin ' siirjpler inetbnd ol pr<*p- 
aration and easy at(ainmen( of the desired physical 
p roperties (5). It bas heen further sliown that ad­
dition (>l small (fuaiiliti(‘s ol crosslinking agt'til dur- 
ijig th<‘ mixing o()<'ratioii improves tlie final proj)- 
erties, mildly affecting the processing behavior (6 -  
12). This process is known as dynamic crosslinking. 
Since these n>aterials can be processed in the same 
way as the therm oplastics, melt flow studies of 
therm oplastic elas(on)ers hav(‘ becom e important 
in optimizing the processing conditions, and in de­
veloping new processing equipm ent and the dies 
necessary for the production of various types of 
extruded and injection mol(l(>d products.

Th<* rlieological beliavior of polym er blends and 
that of polymers containing gel and crosslinked 
particles have been studied by different research 
groups (13-21). The effects of rubber particles, 
carbon black and non-l)Iack fillers on the flow prop­
erties of polym er melts have also beer> studied (2 2 -  
25). Various factors affecting the die sw'ell, melt

fVaclure, and defortnatioji of extrudates have been * 
reported  by several authors (26-30). Studies on (he |  
rlieological behavior of therm oplastic block copol-1 
ymers (31-34), metal sulfonated ethylene propyl-r 
<*ne ((‘rpolymers (35). and tho.s<' of the blends ol :» 
(h<*rmoplastic jJoK'olefin and an <’laslomer (36-38). I 
have beconje the subject of recent interest due to i  
the  growing im portance of the thermoplustic elas­
tomers. Iti this pap(‘r, we report on the results of 
the tnelt flow stutlies on dynann’cally crosslinkeil 
therm oplastic elaslonters from natural rubber (NH)- 
polypropyl(Mie (PP) blends. The (‘ffects of bh'nd | 
ratio, exti'ut td dynamic crosslinkiiig aiul tempera-  ̂
lure, on viscosity, flow behavior index, and melt | 
fracture of the extruclate have been studied. i

EXPERIMENTAL j
Base M aterials Used ;

The NR u.sed for this study was Indian Standard  ̂
Natural Rubber. ISNR 5 grade, conforming to IS • 
45S8-1977 specifications. PP used in th<- prc'sent i 
sludy was isolactic polypro[)yli“ne (Ko\ lene M(M)3l) ‘ 
o f Indian Petrochenn’cals Corpora(ion Ltd.). T1k> , 
characteristics of the above two base materials are ; 
given in T(d?h 1. \
rrepavatii>n »f the lUends

Fortnulations of th(‘ ble*nds are given in Ttihh’ 2. 
The blend ratios are denoted bv letters B, H, and



Property NR PP

Motecular Weight Mw
Motecular Weight Distributioi i 
Intrinsic Viscosity (Benzene, 30®C;

am\^]
Flow index (230‘̂ C and 2.16 kg) 

MFI
W îace Piasticity Pg

—  - 1,06,000 
7,80,000 5.30,000

— 5.0

4.45

59.0
10.0

Table 2. Composition of the NR-PP Biends

Comi^onents B D F

Nature Rubber* 30 50 70
Pĉ xpropylerw'’ 70 50 30
Curing systems^ U. D, M, S U, D, M, S U. 0 . M. S

'Cnmb rubbtr (SNR S ftrade, obtained from ttw RubiMr RcMsrch inttfbito (rf India, 
Kodtytm, K«rala, 68S 009.
*KoytmM0030 recalvad from M/a Indian Patrochemical Cofpofattott Ltd., Vadodara, 
6ut'*L
*U UncrottHtJcad syftaoi.
0 Oic4Hnyl ptfoxtd* (DCP) cura ayttam (40 parcant OOP. 1.0 phr laval, baaad on 

rubbftr pftata only).
• Sollur cura lystam (zinc osida 5.0, ataaric acid 2.0, ff«ydot)axyl bafuotMazyi 

ntfphwiAmide {CBS) 2.0, (etra-methyf tMunm df«ulpMd« (TW W ) 2.5, and cufftir 
0.30 phi, baaad on nibbar phaaa on^).

M MiaO cura lyatam (40 percent DCP 1.0, lirtc oxida 5.0, ataaric acid 2.0, CBS 
1.0, TMTD 1.29, and aultur 0.15 phr, baaad on rubber phaaa only).

F. The suftixes U, D, M, and S denote the blends 
without any curative, lliat containing diouniy) pe r̂- 
oxide (DCP), mixed and suUiir cure systems, re- 
spettively. Thus, tJie blend Bm means NH.PP as 
50:70 with mixed crosslinking system. The blend 
ratios were selected to represent therm oplastic 
elaslomer ranges of the polyolefin-elastomer 
i)!eiids. Blends of NR and PP w ere p repared  in a 
Brahender Plastj-corder model PLE 330, using a 
cani-lype mixer with a rotor speed of 80 rpm  and 
tlie mixer cham ber tem perature set at ISO^C. PP 
w;is melted in (he mixer for one min. and then NR 
was added and the blend was allowed to mix for 
four mins. At the end of five mins., curatives were 
added and the mixing continued for th ree more 
mins. The blend was taken out and sheeted through 
a laboratory mill at 2.0 mm nip setting. The sheeted 
material was cut into small pieces and again mixed 
in ihe Plasti-corder at 180“C for one min. and then 
fiiiully sheeted out in the mill so as to get uniform 
dispersion of the ingredients. Except DCP, all the 
ingredients were added as m asterbatches. For 
hlcnds containing mixed cu re  system, DCP was 
added after foin* mins. blending of PP and NR and 
ihen the mixing continued for one min. O ther In- 
jircdients were added after this step. Specimens of 
(liiiK'nsions 5.0 by 5.0 by 2.5 mm w ere cut from 
llie slieets and used for the  m elt flow measiire- 
riUMits.

Melt Flow M easurements
Till' nich How nu'asurem ents w ere carried out 

u.sing a capillary rheomet<*r MCR 3210 attached to 
iui Instron Universal Testing M achine model 1195 
anti a capillary o f length to diam eter ratio (/./f/r) 40 
with an angle of entry of 90®. Sample for testing 
was placed inside the barrel of the extrusion assem­
bly ;n)d forced down to the capillary with the

plunger attached to the moving crosshead. After a 
warm ing up -period of five mins. the  m elt was ex­
truded  through the capillary at pre-selected speeds 
o f tlie crosshead which varied from 0.5 to 500;0 
mm per min. The melt height in the barrel before 
extrusion was kept the same in all the experim ents 
and the machine was operated  to give five differ(?nl 
p lunger speeds from lower to higher speed, wilh a 
single charge o f the material. Forces corresponding 
to  specific p lunger speeds w ere recorded using a 
strip chart recorder assembly. The force and cross­
head speed w<?re convertt'd into apparent shear 
stress (tu,) and shear rate (y,^) at wall by using the 
following equations involving the geom etry of the 
capillary and the plunger:

F
Tu, —

7u- =

4 A p(hM :)

3 « ' +  i \ 32 Q

il

(2)

w here, ‘F’ is the force applied at a particular shear 
rate, ‘Ap’ is the cross-sectional area o f the plunger, 

the length of the capillary, and V// the diam eter 
o f the capillary. the volume flow rate was 
calculated from tlie velocity of crosshead and di­
am eter of the plunger, n ' is the flow behavior index 
d<*fined by n '  = r/(log ru)/r/(log  7 u..„) and was 
di'ti'rminc^l by regression analysis of the valutas of 
T„. and 7 „ .« obtained from the experim ental data. 
yu .a is the apparent wall shear rate calculated as 
ll2Q/iv(l,:^. The shear viscosity ri was calculated ficm  
T„ an<l 7 „ .

RESULTS AND DISCUSSIONS
O ur earlier studies (39, 40) on the physical prop­

erties and tensile and (ear failure o f these blends 
showed that the physical properties of the blfMids 
w ere improved with increase in degree o f crosslink- 
ing of the rubber phase. The degree of crosslinking 
o f the rubber phase in the blend was in the order, 
sulfur cure  >  mixed cu re  >  DCP cure, as measured 
by the  Vr values (volume fraction of rubber in the 
solvent swollen sample of rubber vulcanizates con­
taining the same level of curatives), which were
0.07, 0.13, and 0.17 respectively for DCP, mixed 
and s\ilfur cured samples.

Effcct of Blend Ratio and  Shear Stress on 
Viscosity

Figure 1 shows the effect of blend ratio and shear 
stress on viscosity of the therm oplastic PP-NR 
blends. At lower shear stresses, the viscosity of the 
blend increases with increase in proportion o f rub­
ber in the blend. The viscosity decreases with in­
crease in shear stress and at high shear stresses 
(2 X 10’ Pa), the difference betw een the viscosity 
of the  blends containing various proportions of PP 
an<l NR is only marginal. At lower sht?ar slres.ses, 
the viscosity of fresh PP pellets is higher thai. that 
o f 30:70 NR:PP blend (Bu). Therm al degradation 
and the  corresponding decrease in m elt viscosity of 
PP had been reported  by W hite, « /(41 ). Melting 
aj»d mixijig of PP in the Plasti-corder at iSO^C for



'fl*inins. degraded the PP in tlir  l)lond and re*ducpd 
its viscosity. Tlii.s is evident from the lower viscosity 
o f the PP whicli has heen inehed and sheared in 
the Phisti-corder for 8  niins. at 180“C and 80 rpin, 
cr)nipared willi that of fresh PP pellets. However, 
the zero shear viscosity shown hy blend Bu at lower 
shear stress rem ains unexplained.

KfTcct o f Dynam ic CrossHnking and Shear Stress 
on Viscosity

Tlie effect o fshear stress on viscosity of the 30:70 
NR:PP blends containing rubber particles having 
different extents of crosslinking is shown in Fig. 2. 
At lower shear stresses, the viscosity of the blends 
increases witli increa.se in degree of crosslinking of 
the rubb(*r pha.se. At higher shear stresses also, the 
trend is the same, even though the differences in 
visco.sities o f the blends having different extent of
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cro.sslinking of the rubber phase is only marginal. 
Blend Bii shows lower viscosity at U>w(t sliciir 
stresses and higher viscosity at high(‘r shear stresses 
than the blends containing cros.slinked rubber par­
ticles (B|), Bm, and Bs). Since the  dispersed rubber 
phas(‘ is having higher viscosity than the continuous 
PP phtise (Fig. i ) ,  the continuous pliase experiences 
the same deformation in all the blends whereas, the 
deformation undergone by tlie dispersed phase de­
pends on its m elt viscosity (36). It has been reiM>rted 
that the uncrosslinked rubber particles in polypro- 
pylene-elastom er bit nds are bigger in size and 
highly deform able (38) and that these particles are 
broken down into smaller ones under high .shear 
rates (37), as observed in o ther heterogeneous 
blends (42). Crosslinking of the elastomer phase 
increases its viscosity and decreases the deforma­
tion of the dispersed particles as indicated by the 
increase in B rabender mixing tortjue values (at 
180“C, 80 rpn^ rotor speed) from 5.5 Nm for the 
uncrosslinked blend (Bu) to 8.0 Nm for the sulfur 
crosslinked blend (Bs). Considering the above de­
tails, tlie changes in morphology of the  blend B 
containing uncrosslinked and crosslinked rubber 
particles, under low and high shear stress condi­
tions. may be represented as dipieted in Fig. 3. The 
uncrosslinked rul)b(‘r particles in the biend are 
elongated at the entrance of the capillary and are 
broken down into smaller particles wheretis, the 
crossliuked particles which are less deformable, 
retain the n>orphology of the bh‘nd even at high 
shear stresses. Thus, the observed dilleience in 
viscosities of the uncrosslinked blend Bii and cross- 
linked bleufls B|j, Bm. and Bs at low and high shear 
stresses is due to the change in morphology of the 
uncrosslinked blend under high shear stress condi­
tions. The DCP cured 30:70 NR;PP blend (B„) 
shows low er viscosity com pared with tliat of blends 
Bu, Bm . and Bs. It has been reported  that DCP 
degrades PP at ele'vated tem peiature  and that this 
effect is nu>re prom inent at higher proportions of 
PP in NR-PP blends, as evidenced by increase In 
melt flow index values of these blends (7). Thus the 
lower viscosity of the l)lend Bi> can be attributed to 
tlie d<‘gradative edect of DCP on PP at high tem­
pera tu re  of blending.

In the 50:50 NR:PP blend, there  is a sharp in­
crease in viscosity with crossHnking at lower shear 
stresses and blends Dm ant! Ds show yield stresses 
(Fig. 4). Miinstedt (22) has reported  that in rubber
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/•'i'K. 3. R i'im ’sc’niiition o f  possihh’ nnn jihohiflij o f  30:70 Sli:I'F I 
i)ieu(l, xfiowiufl the  e ffect o f  shear utres^ oii i/iir; rwsfinfcr/J aiui I 
crosslinked fuirlich's (lttriiif> extrusion. S
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nuKlified slyrtMU'-ucrylonitrile ;uul p()ly(viiiyl chlo- 
ri(ii') till* viscosity incifuso in lowiT sliear stresses 
is due to structure build-up of rubber particles and 
tlia*. the viscosity increase is m ore pronounced at 

concentration and smaller size of the  rubber 
parljiles. At lii^ber extents of crosslinking, the 
smaller size of the mixed and sulfur cured rul)ber 
particles in blentls Dm and Ds, com pared with that 
»>f uncrosslinked and slightly crosslinked blends, 
furm some sort of structure build-up inside the 
system, which leads to yield stress In these blends. 
The degradutive effect o f DCP on FP is evident 
from the lower viscosity of the blenti Do at higher 
shear stress. In 7(1:30 NIVI'P blrm ls 5), the 
observed differences in viscosities ot the blends Fu, 
F|>, Fm, and Fs are proportional to the degree of 
crosslinking of the rubber phase. The viscosities of 
the hlends Fu and Fo are com parable and the blends 
Fm ai>d Fs also show the same trend at lower shear 
stresses, unlike the viscosities of the blends in the 
D series, which show wide difference (Fig. 4). The 
(legradative effect of DCP on FP which has been 
observed in blends Bd and Di> is not prom inent in 
blend Fp. It is also seen that the effect of extent of 
iTO&siinking on viscosity is less pronounced for the 
hlends in F series at higher shear stresses unlike 
that observed for the blen<ls in D series.
Effect of Tem perature and Dynam ic Crosslinking 
nn Flow Behavior fndex 

The effects of tem perature and degree of cross- 
linking of the rubber phase »)n n ' values are pre- 
semi d by histograms in h'ifi. 6. For the 30:70 NRiPP 
hhnds, at 2 H)“C the n '  values decrease with in­
crease in extent of crosslinking of the rubber phase. 
Ai iOO'C blend Bs shows slightly higher values for 
»' than that lor Bm- Similarly at 190“C  blend Bd 
shows slightly higlier value than blend Bu- Blend Bs 
shows niaxinuim value for n ' at 200®C whereas for 
l)lcuds Bu, Bi), and Bm, « ' values are maxinnim at 
•ZIÔ C. In 50:50 NR:PP blends, the n ' values de­
crease with increase in degree of crosslinking and
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this trend  is shown at all the th ree  tem peratures. 
For these blends, a tendejicy to form maxininm 
value for » ' at 200“C is also observed. In the case 
o f blends in F series, no regular change in n ' values 
with increase in tem perature or crosslink dcnjsity of 
the  rubber phase is observed except for blend Fs 
which shows gradual decrease in n ' value with 
increase in tem perature. Blends Fu and F m showed 
nn’nimuni values at 200°C.
EtTect of Dynam ic Crosslinking on M elt F ructurc

Figure 7 shows that the deform ation of the extru- 
date is increased with increase in shear rate, both 
for the unerosslinktKl and crosslinked blen<ls. In­
creasing the rubber content in the blend beyond 
30 percent increases the melt fracture of the ex- 
trndat(‘S as the elastic respou.se increases with in­
crease in proportion of the rui)ber phase. At higher 
shear rates the distortion of the extrudates de-

b r u v t i c o  C k i n iu e C D lu n  A u n  f i r ' I P t J T P  . l l l l  V  IQSifi V n l 9 K  Mo in 6 3 3



Fifl. r  K f/h  t o j'rx tc iit o f  n o xslh ik in n  ou di.stotiioti o f  ex tn u la it’H 
o fm - P P h ln u l s ( i t2 ] < r C .

creases with increase in cr(ysslink density of the 
riil)l>er phase. DCP cur<*d blends sliow liigher de­
formation and the sulliir cured hlends give least 
deform ation at all bleiid ratios. This is due to less 
deform ation and (|uiek recovery of the rubber par­
ticles containing hi^lKT decree  of cros.slinkin^.

CONCLUSIONS
The followit)^ conclusions can be drawn from the 

prcseni vhidy;
1. In lluTnioplastic FI’-NH l)lcnds, (h«“ increase 

in vi.scosily wilh increase in rubber content is p re­
dom inant only at lower shear stresses.

2. Dynann'c vtilcam'zation of the elastom er pha.se 
increases ihe viscosity of IIk' blends, the extent of 
which de|)ends on the decree  of crosslinking of the 
rubber phase.

3. The effect of dynann'c vulcanization on viscos­
ity of ihe l)Ien(ls d<‘pends also on the blend ratio.

■ i. Crosslinkinj; of the elastom er pliase reduces 
the distortion of the extrudates at higher shear 
stres.ses.

5. Dynamically vulcanized therm oplastic PP-NR 
blentls can be processed by extrusion and injection 
m olding techni(iues as the viscosity at higher shear 
stre\sses Is low.

NOMENCLATURE 
NR =  Natural Rubljcr 
ISNR =  Indian Standard Natural Rubber 
PP =  Isotactic polypropylene 
IX /P =  Dicurnyl peroxide, 40 percent active in- 

gre<lient
V’r =  Volume fraction of rubber iit vulcanizate

swollen in })enzene at 35*C for 48 h 
rpni =  Revolutions per niinute
phr =  Parts per hundred rubber
Ic =  Length of capillary (mm)
dr = D iam eter of capillary (mm)

= D iam eter of extrudate (mm.)
Ap =  Cross-sectional area of the plunger

(mm^)
F  =  Extrusion force (N)

=  Volume flow rate 
u ' — Flow behavior index, defined by

f/(log r„.)/f/(log Tu ,.)
T„. =  Apparent shear stress at wall (Pa)
y,. = Shear rate at wall (s“ ')

c

„ =  Apparent shear rate al wall (v"')
=  Shear viscosity (N.v/nr)
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