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A b s trac t: T h e  e ffe c t o f  d y nam ic  crosslink ing  o n  rheological behaviour and  
techn ica l p ro p e rtie s  o f  e th y le n e  vinyl ace ta te  (E V A ) therm o p la stic  e las tom er 
has been  evalua ted  w ith  special re fe rence  to  th e  dosage o f  th e  crosslinking 
agenL I t  is observed  th a t  dy n am ic  crosslink ing  m ild ly  increases th e  viscosity  
o f  th e  system  a t high shear ra te s  b u t gives b e tte r  p hysica l and  processing  
p ro p e rtie s . E m pirica l c o rre la tio n s  have been  developed  fo r  th e  v iscosity  of 
th e  e la s to m er as a fu n c tio n  o f  c rosslink ing  agent co n cen tra tio n . In  o rd e r to  
u n d e rs ta n d  th e  e ffe c t o f  d y nam ic  c rosslink ing  o n  frac tu re  m echanism , tensile 
an d  te a r  fa ilu re  su rfaces  have been  exam ined  by a scann ing  e lec tro n  m icro ­
scope  (SEM ).
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Cross-sectional area o f the plunger 
(mm^)
Weight of the absorbed solvent, 
corrected for the swelling increment 
Weiglit after drying out 
Dicumyl peroxide 
Diameter of capillary (mm)
Diameter o f extrudate (mm)
Ethylene vinyl acetate 
Extrusion force (N)
Fraction of insoluble components 
Consistency index 
Length of capillary (mm)
Flow behaviour index defined 
d(IogT^)/dOog 7 ^ )
Dosage in phr o f the crosslinking agent 
Parts per hundred ‘rubber’ (EVA) 
Volume flow rate (mm^/s)
Weight o f the sample 
Volume fraction o f EVA in the solvent 
swollen sample 
Shear rate at wall (s"‘)

Apparent shear rate at wall (s"')

Shear viscosity (Ns/m^)
Density of EVA =  0.975 (g/cc) 
Density o f solvent =  0.866 (g/cc) 
Apparent shear stress at wall (Pa)

1 Introduction

Thermoplastic elastom ers com bine the processing 
advantages o f  therm oplastics and the  physical
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properties of vulcanized rubbers. These materials 
may be block copolymers consisting of a hard 
thermoplastic segment and a soft rubbery segment, 
or blends o f a crystalline polyolefin and an elasto­
mer, or may be those polymers which have speci­
fied stereo-regular structure and controlled extent 
o f crystallinity.'"^ One of the important advantages 
o f thermoplastic elastomers is that they can be 
processed like thermoplastic materials at tempera­
tures above the crystalline melting point or glass 
transition temperature of the thermoplastic com­
ponent of the system, by extrusion or injection 
moulding techniques. Ethylene vinyl acetate (EVA) 
copolymers are thermoplastic elastomers which 
have been commercially available for many years. 
The thermoplastic elastomeric character of EVA 
is due to the presence of crystalline polyethylene 
segments in the polymer chain."* These materials 
are noted for their properties such as higli im­
pact strength, better environmental stress crack 
resistance and good ageing resistance. Their 
properties can be varied over a wide range by 
controlling the co-monomer ratio, molecular 
weight and other structural features which make 
them useful iji many applications.^ Hence these 
materials are currently used for making a variety of 
products such as cables, films, tubings, rail pads, 
footware, foams and adhesives. It has been reported 
that EVA copolymers can be crosslinked by con­
ventional methods using peroxides to improve 
properties such as tensile strength, modulus, tear 
strengtli. abrasion resistance and hardness.® It has 
also been shown that addition o f very small quanti­
ties o f crosslinking agent during tJie mixing opera­
tion improves the final properties o f thermoplastic



elastomers based on rubber-plastic blends, without 
adversely affecting the processing characteris­
tics .* '"  This process is known as dynamic cross- 
linking. The present work indicates that dynamic 
crosslinking can be applied to EVA as well, because 
o f the presence o f crystalline polyethylene segments 
in the system. The physical properties and rheo- 
logical behaviour o f polymer blends and those of 
polymers containing gel and crosslinked particles 
have been studied by different research groups. 
Various factors affecting the die swell, melt frac­
ture and extrudate deformation have also been 
r e p o r t e d .R e c e n t l y ,  Kuriakose and De have 
studied the effect of dynamic crosslinking based 
on sulphur, peroxide and mixed systems on the 
physicd properties and melt flow characteristics 
o f  natural rubber-polypropylene thermoplastic 
elastomers.

In this paper, we report on the effects o f the 
extent of dynamic crosslinking on the rheological 
properties such as melt viscosity, flow behaviour 
index and extrudate swell o f ethylene vinyl acetate 
thermoplastic elastomer. Empirical equations 
relating the concentration of the crosslinking agent 
and the melt viscosity have been derived. The 
effects of the extent of dynamic crosslinking on 
the tensile and tear properties o f EVA have also 
been studied. The tensile and tear failure processes 
have been studied by scanning electron microscope 
(SEM) observations o f the failure surfaces.

2 Experimental

2.1 Preparation o f  the test samples

The details o f the EVA copolymer and the cross­
linking agent, dicumyl peroxide (DCP), used in the 
present study are given in Table 1. Pellets o f EVA 
were melted in a Brabender Plasti-corder model 
PLE330, for 7 min using a cam-type mixer with a 
rotor speed o f 80 rpm and the chamber tempera­
ture set at 180“C. The crosslinking agent was added 
at the fourth minute of the mixing cycle. Five 
different Inixes containing varying proportions of 
crosslinking agent were prepared for studies. These

are designated as EVq, EV,, EVz. EV^and EV.and 
contain 0, 0-125, 0-250, 0-375 and 0-50 phr of 
DCP, respectively (Table 1). Typical plastographs 
obtained for the mixes are shown in Fig. 1 . After 
mixing, the molten material was sheeted out 
througli a laboratory mill at nip setting of 2 - 5  mm. 
In each case, specimens were cut from the sheeted- 
out stock for rheological studies. The remaining 
sheets were compression moulded at 200°C for 
3 min in a specially designed mould, so that the 
mould with the specimen inside could be cooled 
immediately after moulding, keeping the speci­
men still under compression. Specimens of size 
15X 15X 0-2 cm for tensile and tear tests were 
punched from the moulded sheets.

2.2 Rheological studies

Rheological measurements were carried out using 
a capillary rheometer MCR 3210 attached to an 
Instron Universal Testing Machine, model 1195, A 
capillary o f length to diameter ratio (4/^c) 
with an angle o f entry of 90°, was used for this 
study so as to minimise the capillary end effects 
The temperature was controlled within ±0 5 C 
during the melt flow measurements. T h e  specimen 
for testing was put inside the barrel of the extru­
sion assembly and forced down to the capilia^ 
with a plunger attached to the moving crosshead.

Table 1. Formulation of the m ixes

Components

Ethylene vinyl
acetate M polym er^ 

Dicumyl f»roxide^

EVo

100

0

EV ,

100

0-125

100

0-25

EVj EV4

100 100 

0-375 0-50

*  Copolymers of ethylene and vinyl acetate. The vinyl acetate content of the polymer was 
4 5 %  and the Mooney viscosity M L  -  4 ' (100°C) was 30. The material was manufactured 
by Bayer, AG . Federal Republic o f  Germany.

4 0 %  Active peroxide crosslinlting agent. The material was supplied by Bengal Waterproof,
Calcutta, India.
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A fte r a warming-up period o f 5 min, the melt was 
extruded through the capiJlary at pre-selected 
speeds of the crosshead which varied from 0-5 to 
500 mm per min. The force corresponding to  dif­
ferent plunger speeds was recorded using a strip 
chart recorder assembly. The force and crosshead 
speeds were converted into apparent shear stress 
(T̂ )̂ and shear rate at the wall (7 ^ )  respectively, 
using the following equations involving the 
geometry of the capillary and plunger.^

/ 3 r t '+ n
An ' . d i

(1)

(2)

The flow behaviour index n ' was determined 
by regression analysis of the values of and 

obtained from the experimental data. The 
shear viscosity. 7?, was calculated from Tv, and 
7w

2.3 Swell measurements

The extrudate emerging from the capillary was 
collected taking maximum care to avoid any 
further deformation. The diameter o f the 
extrudate was measured at several points using 
a travelling microscope. The measurements were 
also made at several intervals o f time and it was 
noticed that there was no change in the diameter 
after 24 h. The values after 24 h were recorded 
as equilibrium extrudate diameter, d̂ . The swelling 
index was calculated as the ratio o f the diameter 
of the extrudate to that o f the capillary id^jdf.).

2.4 Physical testing

Tensile testing of the samples was done at 25°C 
following the ASTM D 412-80 test method, using 
dumb bell-shaped test specimens at a crosshead 
speed of 500 mm per min with an Instron Uni­
versal Testing Machine (model 1195). The tear 
strengths of the specimens were determined 
following the ASTM D 624-81 test method using 
un-nicked 90° angle test pieces. The tear test was 
carried out at the same conditions o f temperature 
and crosshead speed as described for the tensile 
test.

2.5 Determination of

To establish the extent o f crosslinking, the volume 
fraction. of EVA in the specimen swollen in 
toluene was determined after 48 h at 35° ±\°C, 
using the relation^®

( D - f T ) p r ^

2.6 Scanning electron microscope (SEM ) studies

The SEM observations of the failure surfaces of 
EVo and EV4 were made using a Plulips model 
500 scanning electron microscope. The failure 
surfaces of the test specimens were carefully cut 
from the test pieces and then sputter coated with 
gold within 24 h of testing. The gold coated 
surfaces were examined through the scanning 
electron microscope, adjusting the tilt to zero 
in all cases. Figure 2 shows the details of the test 
specimen, failure surface and the area of the 
tensile and tear specimens which were scanned.

3 Results and discussion

The Vf values o f the crosslinked mixes are given 
in Table 2. The values decrease in the order 
EV4 > E V 3 > E V 2 > E V i. This indicates that extent 
of crosslinking increases with the increasing dosage 
o f the crosslinking agent. The V, values for both 
the mixed and the moulded samples are found to 
be the same, indicating that the process of cross- 
linking is completed during the mixing operation 
and no further crosslinking takes place during the 
moulding. The torque readings obtained for the 
mixes (Fig. 1) also indicate that the extent of 
crosslinking increases with the increasing dosage 
o f DCP. The torque attains a steady value after 7 
min showing that crosslinking is complete.

3.1 Rheologicai properties

3.1.1 Effect of shear rate and dynamic cross- 
iinl<ing on viscosity. The effect of shear rate

\

\

(3) Fig. 2
(D ~ f T )p , - ' +  A o P ; ' 
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on the viscosity of mixes containing different 
amounts o f crosslinking agent at 200®C is shown 
in Fig. 3. [t is seen that the viscosity o f the mixes 
increases with increasing concentration of cross- 
Jinicing agent over the entire range o f shear rate. 
The increase in viscosity is more pronounced in 
the lower shear region tlian at higher shears. The 
curve for EVq aJso indicates that the uncross* 
linked ethylene vinyl acetate is relatively less 
shear sensitive, compared with the dynamicaJly 
crosslinked samples. Figure 4 shows the effect of 
dosage of DCP on the viscosity o f EVA at 
different shear rates. It is observed that the visco­
sity increases at a faster rate with lower contents of 
DCP and at lower shear rates. However, the curves 
appear to flatten out beyond 0-25 phr o f DCP at 
all shear rates.

3.1.2 Effect o f temperature and dynamic cross- 
Unking on flow behaviour index (n'). The effect of 
temperature and extent o f  dynamic crosslinking on 
the n ’ values are presented by the histograms in 
Fig. 5. In the case o f uncrosslinked EVA (EVq), 
the n ' value increases marginally with temperature 
from 170° to 190°C, but shows a sharp rise at 
200°C. This indicates the tendency of the material

to approach Newtonian behaviour at hi«h 
tures. In the case of dynam icallvT 
samples, the lower values o fn ' com D L ?'’ 1* “  
indicate higher pseudoplastic behaviou7 u T o re ^  
the n values of the crosslinked sarapleT '° 
nearly c o n s ta t  with the increasing tempe™,'® 
This shows that dynamic crosslinking s t S e  t '  
rheological behaviour of EVA at tiisL r „ ' 
temperatui^s.

3 .1 3  Effect o f shear rate and dynamic 
Imking on d,e swell. Figure 6  shows the s w S  
index o f the mixes at three different shear rate" 
In all cases, the swelling index increases with 
increase m shear rate. The effect of d y n S  
crosshnkmg on swelling index shows an interestin 
behaviour. The swelling index initially increases

_________\/r values o f the croMlinked mixes

J W i ^ ^ b e r  R a f t e r  m ix in g

EV,
EVj
EVa
EV4

0012
0-019
0-027
0 0 3 0

001 2
0-018
0 0 2 7
0-031

SHEAR RATE Tvy,S»e

Fig. 3 V isco sity -sh ear ra te  p lo ts  show ing  th e  e ffec l o f  e x te n t o f  d y n am ic  crosslinicijig on  viscosity a t 200 C.
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with DCP concentration up vo 0-125 phr and then 
decreases. As this behaviour is slightly abnormal, 
the swellijig index was measured several times to 
establish the reproducibility.

3.1.4 Correlation between shear viscosity and 
dosage of crosslinking agent. From the experi­
mental results on rheological studies with varying 
extent of crosslinking, empirical correlations have 
been derived for the apparent viscosity of the 
crosslinked system as a function o f DCP dosage (P) 
and apparent wall shear rate at four different 
temperatures: 170°, 180°, 190° and 200°C. In 
general, the viscosity equation is expressed as 
follows;

r, =  K
f 3 n ' +  : 

I  4 n '
(4)

Fig. 4 E ffec t o f DCP dosage on  v iscosity  a t 200°C.

For each temperature under study, the equations 
for K  and (Table 3) are determined in term softhe 
dosage o f the crosslinking agent (P )  by statistical 
methods. On substituting these equations in the 
general viscosity equation (4), the viscosity of dyna­
mically crosslinked material can be found for the 
desired shear rate and extent of crosslinking (0-125 
to 0 5 phr of DCP) according to the processing 
needs. The calculated values of viscosities from the

Pig. 5 E ffect o f tem p era tu re  an d  e x le n t  o f  dynam ic  
ao ss lin k in g  on  th e  m e lt flow  in d ex  (« ') .

Fig. 6 E ffec t o f shear rate and  e x te n t o f  dynam ic  cross­
link ing  o n  th e  sw elling index .

Table 3. Equations for K  and r; 'a t different temperatures (valid for 0 -125 < P < 0 - 5 )

A t 17 0 “C 
A t1 8 0 “C 
A t 190®C 
A t 200®C

K  -  I 2  0 6 x 1 0 ‘ x 
K =  11-815 
/C =  9 - 1 0 x I 0 ‘ x 
K =  1 0 -2 8 x 1 0 ‘ x P ”” ’

= 0-239 x P " “ ‘“  
= 0-235 X 
= 0-252 X 
= 0-234 X />-»-»=»
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above equations have been verified with the 
experimental results and the deviation was found 
to  be within 15%,

3.2 Mechanical properties

Table 4 gives the mechanical properties o f the mixes. 
The modulus and tear strength follow the order 
EV4 > E V 3 > E V 2 >E V ,>E V o. This is attributed to 
the increase in the extent o f  crosslinking. which 
follows the same order (Table 2). It has been found 
that the tensile strength o f the mixes does not 
show a regular increase with the increase in the 
extent o f crosslinking. The tensile strength is found 
to be a maximum for EVj. A possible explanation 
for this behaviour may be obtained from the 
nature o f the stress-strain curves (Fig. 7).

The stress-strain curves indicate that the 
deformation o f EVq, EV, and EVj under an applied

load is nearly similar in nature but diffrr, r 
that of E V ,  and E V 4 . The stress-,“L n  ■"
of EV„, EV and EV, shows relatively"l'ow™„Tu°::
values at lower strains. But at hiaher 
(>600% ) there is considerable increase in modu!!!; 
and this may be attributed to strain-induced 
crystalhsation of the polyethylene segmeS 
present in the polymer chain. It has alreadrbT™ 
reported tliat E V A  has a tendency to S d e  “  
strain-induced crystallisation at higher strains "  
The stress-strain curves for E V , and E V . are similar 
in nature and can be compared to those of mm 
vulcanizatcs of non-crystallisable rabbeis The 
absence o f crystallisation tendency in E V  and 
E V 4 is attributed to their lower elongation 
resulting from the high extent of crosslinking This 
accounts for the lower tensile strength compared 
with EVj. Moreover, the tensile properties of EV 
and E V j  indicate that further increase in the*

Table 4. Mech the mixes

M ix  number
Modulus at 300 %  
elongation (MPa)

Tensile strength 
(MPa)

Elongation at 
break (%)

Tear strength 
(kN/m)

EVo 0-50 3 0 0 150 0 13-6
EV, 1-50 3-80 105 0 26-6
EVa 2 -0 0 4-80 875 28-6
E V 3 2-50 3-90 560 31-2
E V 4 2-60 3-91 550 35-1

600 600 800 1000 1 200 UOO
ST R A tN ,  V.

Fig. 7 Stress-strain curves for the mixes.
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extent of dynamic crosslinking may have only little 
influence in improving the properties.

3.3 Fractographs

3.3.1 Tensile failure. The tensile fracture surfaces 
of EVo and EV4 (Figs 8  and 9) reveal that these 
materials vary in their deformation characteristics 
under an applied load. The tensile fracture surface 
of EVq (Fig. 8 ) shows continuous broad cracks 
with a very smooth surface. This clearly indicates 
a low tensile strength for the material. On the 
other hand, the fracture surface of EV4 (Fig. 9) 
shows elastic deformation with discontinuous 
fracture paths and vacuoles all over the surface. 
Moreover, the fracturo surface is found to be ex­
tremely rough. These observations may be asso­
ciated with tlie high strength of the crosslinked 
material towards tlie applied tensile force. The 
stress-strain curves also support the above views.

3.3.2 Tear failure. The resistance to tearing of elasto­
mers depends on the processes by which stress 
dissipation near the tip of the growing crack takes 
place. Several processes, such as slippage or breakage 
of crosslinks or chain entanglements or the 
arresting of the growing crack by filler particles, 
take place during the tear failure of elastomers.^ 
The process of stress dissipation can be explored 
by careful examination of the tear fracture sur­
faces, The fracture surface of EVq (Fig. 10) shows 
a continuous steady tear path with a smooth 
surface. Features such as tear branching, folding 
and striations exhibited by high strength materials 
are completely absent. This indicates a poor tear 
resistance for the material. The fracture surface of 
EV4 (Fig. 1 1) shows well-defined vertical striations 
in the fracture path, like a folded curtain. These 
vertical striations indicate the resistance offered by 
the material to the smooth propagation of the 
tear.”  As a result, high energy is expended in crack

Fig. 8 Tensile failure su rface  o f  EVq show ing  c o n tin u o u s  
sm o o th  cracks.

Fig. 10 T ear fa ilure surface o f EVq show ing s teady  tea r 
path-

Fig. 9 Tensile  fa ilu re  surface o f  EV^ show ing  e lastic  
d e fo rm a tio n  an d  rou g h  zones.

Fig. 11 T ea r  fa ilu re  surface o f  EV4 show ing  w ell-defined  
vertical s tr ia tio n s  w ith  a cen tra l te a r pa th .
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propagation. Measurements o f tear resitance also 
indicated a higher tear strength for EV4 .

4  Conclusions

The following conclusions can be drawn from the 
present woric:

(1 )T lic  rheological properties o f dynamically 
crosshnked EVA show that these materials 
can be processed like thermoplastics by 
extrusion and injection moulding techniques, 
since the viscosity at higher shear rate is low.

(2) Dynamic crosslinking increases only slightly 
the viscosity o f the system at high shear 
rates, but gives reduced swell and improved 
physical properties.

(3) The shear viscosity values of dynamically 
crosslinked mixes can be easily found 
from the empirical equations at the desired 
shear rate and extent o f  crosslinking.

(4) Tensile and rheological properties indicate 
that increasing the extent o f dynamic 
crosslinking beyond 0-5 o f  DCP has only 
a slight influence on tlie properties.

(5) Observations on the fracture surfaces of 
both crosslinked and uncro^linked materials 
show that the patterns developed on the 
fracture surfaces correlate with their strength 
and the type o f failure.
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