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Abstrnci. T h e  rhcological behaviour o f  blends o f  high dcnsiiy polyeihylene and 
nauiral rubber ha.s been examined wiih reference lo  the y fe c i  o f  blend raiio. 
dynamic crosslinking and carbon black filler. The dependence o f  shear viscosily. 
flow  behaviour index i « ‘ ) and exirudaie deformation o f  the blends on lempcraiurc 
and shear rale has been studied The shear viscosiiy o f  lhe .̂e blends is influenced 
m ore by shear rale ihan by lempcraiiire. Processing icmperaiures are not criiical. 
pam cularly in the lower ranges, as can be seen from n' values iflov. behaviour 
indcxi up lo  160°C; ii' increases wiih increase in lemperaiure The morphology of 
ihe exirudaies o f  ihe blends has been examined by scanning electron m icroscopy 
at different shear rales ai l5(t°C. The m orphology v>.as found to depend on the 
blend ratio and the shear raie.

1 intro d u ctio n

Therm oplastic elastomers are gaining industrial 
importance because such blends com bine the ease 
and econom y o f  processing o f  ihermoplasiic resins 
wilh the mechanical properties o f vulcanized 
rubbers. T hey are prepared by melt mixing o f  a 
thermoplastic and an elasiomer under high shearing 
action. Systematic melt flow  studies o f such 
materials are necessary for optimizing the process­
ing conditions and for developing suitable equip­
ment. Since these blends can be injection moulded 
or extruded their mell viscosity, melt fracture and 
extrudate deform ation also need to be examined as 

. functions o f  (1) shear stress. (2) temperature and (3) 
\ com position.

Some studies on the rheological behaviour of 
blends o f thermoplastics and elastomers have been 
reported .'”  ̂ This paper examines the rheological 
characteristics o f  natural rubber (N R)-high density 
polyethylene (H D PE) blends by capillary rheometry. 
T he effects o f  dynamic crosslinking. blend ratio and 
addilion o f  carbon black have been studied. In 
addition, the m orphology o f the extrudates has 
been examined in order to understand how the 
blend m orphology is influenced by rheological 
parameters.

2 Exp e rim e n tal
}  Formulations o f  the blends are given m Table 1. 

Blends o f N R and H D PE were prepared m a bra-

bender Plasiicorder model PLE 330. using a cam- 
type mixer with a roior speed o f 60 rpm and the 
mixer temperature set at 150°C. HDPE was melted 
in the mixer for 2 min and then NR. as .such or m a 
masterbatch. was added and ihe mix was allowed to 
blend for 4 min. At the end o f 6 min curative (DCP) 
in the form o f a masterbatch was added and the 
mixing continued for 2 more min. The mix was then 
taken oui and sheeted through a laboratory' mill at 2 
mm nip setting. The sheeted out stock was cut into 
small pieces and re-mixed in the plasticorder at 
150°C for 1 min and then finally sheeted out on the

Table 1. F orm u la tion s o f  th e  m ixes

M ix A B C C, C.

HDPE- 70 50 30 30 30

NR" 30 50 70 70 70

DCP ‘̂ _ — — 1-0 —

HAF'' - - — 40

*<)iAin«d lndu»(i>r>' MUm 'AH OA
Limited, B om bay.

•Crumb rubber ISNR 5 grade, obtained  from  the Rubber 
R esearch  Institute o f  India. Kottayam .
Di-cum yl perox ide (40% ), supplied by B engal W aterproof 
Limited, Panihati. DCP loading w as ba sed  on  the rubber 
p h ase  only.

'H igh  abrasion  furnace black (N330), ob ta in ed  from  
phillips C arbon  Black Limited, Durgapur. HAF loading w as 
ba sed  on  the rubber ph ase  only.
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mill on cc agyin. This .second slep vv.as R)und ncces- 
sarv- for unifom i dispersion o f  Ihe ingrcdicnis.

The melt flow  measurements \^crc carried out 
using a capillar)- rheom eler M CR 3210 atlachcd to 
an Instron Universal Testing Machine m odel 1195 
and a capillary- o f  length to diameter ratio [ l j ( { )  40 
with an angle o f  entry o f  90" T he sample for testing 
was placed inside the barrel o f  the extrusion 
assembly and forced down to the capillary with the 
plunger attached to the moving crosshead. .After a 
warming-up period o f  5 min the melt was extruded 
through the capillary at pre-selected speeds o f  the 
crosshead which varied from  0-5 to 500 mm min 
The melt height in the barrel before extrusion was 
kept the same in all the experiments and the machine 
was opeiated to give five different plunger speeds 
from  lower to higher speed, with a single charge o f 
the material. Forces corresponding to specific 
plunger speeds were recorded using a strip chart 
recorder assembly. The force and crosshead speed 
were convened into apparent shear stress (r^) and 
.shear rate at the wall by using the following 
equations involving the geometry o f  the capillai-y 
and the plunger:

71 d'

( 1)

(2)

where F  is the force  applied at a particular shear 
rate. is the cross-sectional area o f  the plunger, i, 
the length o f  the capillary, and /  the diameter o f  the 
capillary. Q. the volume flow  rate, was calculated 
from  the velocity o f  the crosshead and the diameter 
o f  the plunger, n is the flow behaviour index defined 
by //’ =  d {log T^,)/d{log , .  J  and was determined by 
regres.sion analysis o f  the values o f  r. and , ,  . 
obtained from  the experimental data. / .  is the 
apparent wall shear rate calculated as '^>2Qjndl. 
T he shear viscosity,  ̂ was calculated from  r, and 

The extrudaies were fractured under liquid 
nitrogen and the m orp h olo^ ' o f  the extrudate cross­
section was examined with the help o f  scanning 
electron m icroscopy after removing the rubber 
phase with nitric acid; this did not affect the thermo­
plastic phase.

3 R e su lts  and d iscu ss io n

Figure 1 shows the viscosity versus shear stress 
curves for HDPE, NR and their blends at !?0 °C . 
The viscosity o f  all the blends decreases m onotoni- 
cally with increasing shear stress, showing ihe 
pseudoplasiic behaviour o f the blends, AltJiough at 
low shear stresses the visccjsity o f  the blend 
increases with increasing proportion o f  rubber in the

Fig. 1 V iscosiiy shear stress plois for NR-HDPF. blends ,i- 
150"C.

blend, at high shear stresses the curves convertie as 
the difference in the viscosities o f  the blends ilc- 
creases. This is true for all blend ratios.

The effect o f polyethylene content on the vis­
cosity is shown in Fig. 2. It can be seen that up lo a 
shear rate o f  30 s " ‘ . the viscosiiy o f the blend de­
creases with increasing HDPE content. Howe\cr. :ii 
a shear rate o f  120 s ’ the viscosiiy ot HDPH 
exceeds that o f  N R and the curves show a ma.ximj ji 
a 70 N R -3 0  HDPE blend ratio. At 3 OOO s the 
trend is completely reversed as compared to (hai ai
3 s Another feature which can be seen from Fig. - 
is that at most shear rates the viscosity o f the blenJ 
appears to be a non-additive function o f the viscosii\ 
o f the homopolymers. Only at a shear rate o f 3D s ' 
do  the experimental viscosity values coincide with 
those predicted by simple linear additivity, li ha> 
been reported earlier that the viscosity of polyiso- 
prene-polybutadiene (rubber-rubber) blends and 
polystyrene-polyethylene (plastic-plastid blends 
cannot be predicted by simple linear addiii\uy In 
general, the viscosiiy o f  N R -H D PE blends also ddcs 
not follow  this principle. Figure 3 shows ihe vis­
cosity as predicted by Hashin’s model.'' H ashm ,  ̂
usinn variational principles similar lo those u^ed suc­
cessfully for the prediction o f  limits for the modulii>



Fig. 2 Shear viscosiiy versus lIDPfr' com eni in ihc l-'lends al 
diffcrcn i shear rates a( • • A .  T . i ,  x .  8 and ♦  arc

experimental values and o ,  a . ® and o  are caiculaicd, Fig. 3 StiL-ar viscosity as predicted by Hashin's model versus 
wuight fraction o f  HDPE tn the blend ai 150°C at a shear slru.ss 

o f  1.5 X KF Pa.

o f  elasticity o f  com posite materials, obtained the vis­
cosity o f  Newtonian fluid mixiures. The limits are as 
follows

Upper limit v

I . iw t ’ i  h irui I / .

where t;, and rjy are the viscosities o f  ilie iwo com ­
ponents o f  a blend and 0, and <f>2 their weight frac­
tions respectively. For non-Newtonian fluids the 
coefficient 2 /5  in the denominator is replaced by 
1/2, We tested Hashin's m odel Tor N R -H D P E  
blends at a shear stress =  1 -5 x 1 0  Pa at 150“C  and 
found that the experimental values lie exactly on the 
lower limit o f the Hashin model. It is interesting to 
note that the curve corresponding to the expression 
derived from  inverse additivity lies much below 
while that predicted by linear additivity lies above 
the experimental points.

Figure 4 shows the effect o f  tcmperaiure on the 
shear viscosity o f N R -H D P E  blends at different 
shear rates. T he viscosity o f  all the blends drops with 
increasing temperature; at low  shear rates the high 
rubber blends have higher viscosities. At high shear 
rales the blends display the same viscosity values at 
all temperatures irrespective o f  the blend ratio and 
pure HDPE shows higher viscosity than pure NR. At

F ig .- Shear viscosiiy versus temperature a( difTerent shear 
rates.

low shear rales both NR and black filled high rubber 
blend show similar viscosity values, but at high shear 
rates the black filled high rubber blend shows higher 
viscosity than NR at all temperatures. At all shear 
rates the black filled blend shows a higher viscosity



{han (he unfilled blend. T he dvnamically crosslinked 
t>icnd shows ihe highest viscosity al ail iemperatures 
and shear rates.

Table 2 shows ihe efteci o f  temperature on ihe 
flow behaviour inde.x n'i o f  the blends. Holh un- 
vulcanizcd NR and HDPE indisidualK show a dis­
cernible increase in n' with increasing temperature. 
On the other hand, their blends shov'. only a margi­
nal increase in n' up to 160 'C . but at 1 7 0 T  they 
register a slightly higher value. T he black tilled blend 
shows a gradual and regular increase in n' with tem­
perature. In sharp contra.si, the blend containing 
D CP shows II regular decrea.se with increasing tem­
perature. This behaviour can be explained in the fol­
lowing way: it has been found in unvulcanizetl 
rubber that an increa.se in gel content leads to an 
incTea,se in the viscosity.’ " Partial crosslinking o f  the 
rubber produces an increase in the gel conienl and 
hence the viscosity is higher for the cro.sslinked 
blend (Fig. 1). Further, during dynamic vulcanization 
o f  blends the gel content increase.s with increasing 
temperature because the crosslinking increases, 
hence the flowabilily decreases with increasing tem­
perature. In the ca,se o f  the crosslinked blend, the 
flow becam e very erratic at 170“C  and the viscosity 
could not be determined accurately.

Figure 5 shows the variaiion in e.xtrudate swell 
with rubber content in N R -H D P E  blends at three 
different shear rales. T he e.xtrudate swell is least in 
the case o f  30 N R -70 H D PE blend at all the shear 
rates examined. T he extrudate deform ation charac­
teristics are shown in Fig. 6. T he 3 0 -7 0  and 5 0 -5 0  
N R -H D P E  blends show a little extrudate deform a­
tion at the high shear rate only. T he 7 0 -3 0  
N R -H D P E  blend shows typical melt fracture at the 
lowest shear rate. This phenom enon is anticipated 
since H D PE tends lo  form a sheath in the extrudate 
due to its lower viscosity. This will be discussed later 
in this paper. T he thin film gels fraciured al the die 
head as the extrudate leaves the capillary at a slow 
extrusion rate and appears as flakes on the extrudate 
surface. The black filled blend also shows a similar

Table 2. F low  b e h a v io u r  in d e x  n '

Sample

Tempera in re, “C

140 150 160 170

HDPE 063 063 0-79 0-71
A 0-51 0'53 054 0-62
B 0-41 0'43 0-44 0-49
C 0 31 0-31 0-34 0-42
Raw NR 0-13 0-10 0-27 018
c . 0 28 0-22 018
Ct, 0-29 0-27 0'32 0-34

•OiM to »u*w iho n of tr>« C, could not
ba  d eterm ined  accurately  at this tem perature.

phenomenon at ihe low shear rale, hul is comnara- 
Uvely smooth at other shear rates, [ he most pro­
nounced extrudate deformation is shown bv II..' 
cros.slinked blend at all shear rates; knoity bead like 
slruetures appear on the surface o f  Ihe extrudale and 
the surfacc is no longer smooth. This type o f  exttu- 
date distortion is called random fracture." Shear 
rate does not have much influence on the extrudate 
deformation in this blend iC ’

3.1 Morphology of the blends

Figures 7. 8 and 9 show the extrudate cross-scction 
m orphology o f  the 30 N R -7 0  HDPE blend at three 
different shear rales, viz. 12. 122 and 1223 s ' 
respectively. The holes on the surface correspond to 
the N R  phase which has been extracted by nitric 
acid treatment. T he N R pha.se appears to be distri- 
lutted as particles in the continuous and dominant 
H DPE phase. It can also be seen that the particle 
.size o f  the rubber phase decreases with increasing 
shear rate. It is generally accepted that the m or­
phology o f  polyblends is governed by their rheologi-

■HE bleno.v. —

Fig. 5 Extrudate .swell versus weight fraction o f  rubbiT 
blend at I.S()*C

Fig, (> Exirudiiic disiuriion in N K -IID P F  blends iii 
different shear rate'.
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M M plKMninicroiirapli ' '.'ikI U >() N K - n i  ! |[)!>J 
c\irui.lci.l .11 a'-huLil la lc i' i  | 2 '

cal characicrisiics ;ind by iho proccssiiiy hisinrv. [-oi 
ihe same proccssini: hisioiv. iIk- hkMKl raiio aiKl ihc 

fcshear vi.scosiiies ot iHl- iixli\ idual cmnpoiiciiis dL-icr- 
mine ihe morpht)log\ When (uo  incom paiihlc poiv- 
mers .such as NR and are mixcil. a
helcrophase system results. Further, when the meh 
vi.scositics o f  Ihe com ponents are ver\ drtterent. Ihe 
minor phase (which has the higher viscosiiv - uill he 
coarscly dislribiiied in the major constitucni.'

It can be seen from f-'iu. 1 tiiai as the cxtruMon 
rale is increas-ed, Iherc is a tleereikse in llie slioar 
slress. I he morphology also chaiigcs aecordinely. To 
begin with, ihe experimental ccinthiions ol extrusion 
(low shear rales and a king ea[-)illary' assure a lami­
nar flow inside ihe capillary/ 'Ihe decrease in the 
particle size o f  ihe rubber pliase with increa.sing 
shear rale caji be explained in ihe lollowing wav: 

^ n d e r  the above mentioned conditions, the rubber 
particle.s in the bleiul arc elongated ai ihe entrance

ol the cac)illai\; ihis struciiire is Linsiable aiul tends 
In liivak up iiuo smaller droplets, ihu.s decreasing 
the domain si/e and leadiiig to li liner dispersion ot 
the (.loniams, ’

In the case ol the 5i) N R -5d  HDPh blend aKo. 
the rubber is di.spor.sctl as non-uniform tlomains in 
the continuous thermoplastic phase ' I ig. 10 . As the 
extrusion rale is increased, the breakdcnvn process 
o f the dispersed domains is accelerated with increas­
ing shear stress f-'ig. I I Howe\er. the shape o f  the 
domains is not s[>herical because the minor com po­
nent is highly viscinis anil the major component has 
a relalively l(>u viscosity. I'igure 12 is the cross­
sectional .surface o f  the 50:50 blend. Figure 13 
shows a region iX ) ot the exti'udate (Fig. 12) from 
the bulk while I-ig. 14 .shows a region (Y ) from the 
surlace of a cavity i resulting from air entrapmenl 
insitle the extrudate) o f  the same extrudale. Il is 
apparent that region X  is richer in the rubber phase

>l-t



Fic 1 I SHM phojom icrograpli o f  blend H i N R -5 0  HDPKi 
extruded a( a shear rale o f  I 223 s

Fig. 13 Lnlargcti v ie*  o f  rejjidn X  in Fit>. 12.

Fig. 12 SE M  pholom icTograph o f  blend B (50  N K -5 0  H DPEi 
extruded at a shear rate o f  1 2 2 s ' ' .

Fig. 14 Enlarged view o f  region Y  in Fig. 12.

than region Y. giving credence lo  the theory thal ihe 
phase wiih low er viscosity lends to flow towards 
open surfaces.

Figure 15 shows the m orphology o f  the 70 
N R -3 0  H O PE blend at a low  shear rale (12 s '}. 
Since the N R phase has been extracted, the figure 
shows a continuous phase which must be the 
thermoplaslic com ponent. This implies that there is 
no phase inversion even at this hlend ratio and in 
fact both the elastomer and thermoplaslic form co - 
continuous phases. It is generally predicted that if 
the minor com ponent has a lower viscosity, this 
com ponent will be finely anti uniformly dispersed 
with domains oriented in ihe extrusion direction. 
Although this phenom enon cannot be observed for 
N R -H D P E  blends, the form ation o f  semi-spherical 
droplet-like domains o f  the thermoplastic layer (Fig. 
15) indicate a tendency towards the formation o f 
separate and distinct spherical domains. These 
spherical domains have an average K //m  diameter 
and arc uniformly distributed throughout the whole

Fig. 15 SF.M pholoniicrograph o fb len d  C (70  N R -.'O  KDPF 
o.xiriidod ,ni a ■̂ hear rale o f  12 s

sample. The smooth round shaped domains denote 
low adhesion between the matrices.

At a higher shear rate the size o f the semi-spheri­
cal domains reduces to 2-5 //m  (Fig. 16) but there is



no further separation o f  the domains. In blends o f 
thermoplastics and elastomers it is expccted that in 
exirudales there is an increased quantity o f the lower 
melt viscosity polymer at ihe surface. This 
phenom enon in (he case o f  7(1 N R -3 0  HDPK 
blend is shown in Fig, 17. which is a pho(om icro- 
graph from near the axial surface t)f (he extrudate. It 
is evident that at (he wall the rublier domains are dis­
persed in a continuous HDPI-. phase different from 
l-igs 14 and 1 5 which are from the bulk,

Dynamic crosslinking o f the high rubber blend 
leads (o dramatic changes in the morphology iPig.s 
18 and 19), Crosslinking o f (he elastomer phase 
increases its viscosity and reiiuces n' (Table 2). The 
crosslinked particles are much less deformable and 
retain the m orphology even at high shear stresses. 
These fea(ures are reflec(ed in the complementary 
s(ruc(ure o f  the HOPE phase which can be seen in 
(he figure (after the N R phase has been removed). 
T he coarse and irregular lumps o f  HDPE form a

continuous layer. There is. however, little influence 
o f  shear rate on the morphology.

Reinforcement o f  (he elastomer phase by carbon 
black is reflected in the morphology I'Figs 20 and

Fiy. IK SEM  photiimicrograph o f  lilcnij C‘, 70 N R -3 0
|-(nP( -1 -0  [ )C P 'cx in id cd  ai a slicur raic o f  1 2 » .

Fig, 16 SEM  photom icrograph o f  blend C  (70  N R -3 0  HDPE 
extruded e»i a shear rale o f  1223 s ‘

I
Fig. 19 SEM  photomicrograph o f  blend C i70  N R -30  

H D P E -1 0  D C Plextruded iU a sheai rate o f  1223 s '

Fig. 17 SEM  phoiom icrograph o f  blend C  (70 N R -3 0  
extruded ai a shear rale o f  122 s ' ' .  Figure shoNsv a 
region clo!.e to ihc axial surface o f  thecxirudatc.

Fig. 20 SEM  phoiom icrograph of blend (70  N R -3 0  
H D P E '4 0  H A F ) extruded at a .shear rate o f  12 '  ',



Fig, 21 SE M  photom icrograph o f  blend Q  (70  N R -3 0  
H D P E -4 0  H A F ) extruded at a shear rale o f  1223 s '

2 I ). T he surface shows a continuous HDPE phase in 
ihe form o f  a network wiih a continuous rubber 
phase filling in ihe gaps and a kind o f inlermesh 
resuhs. The loose particles correspond lo  filler 
aggregates. Shear rate does not have much effect on 
the m orphology.
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