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ABSTRACT: Thermoplastic elastomers from blends of
high-density polyethylene and acrylonitrile butadiene rub-
ber were prepared by a melt-blending technique. The blends
were dynamically vulcanized using sulfur, peroxide, and
mixed curing systems. The peroxide concentration was var-
ied to obtain samples of varying degrees of crosslinking. The
peroxide system showed better mechanical properties. The
crosslink density determination by the equilibrium swelling
method revealed that the enhancement in properties can be
correlated to the extent of crosslinking. It is observed that
the effect of dynamic vulcanization on the property im-
provement is much more pronounced in rubber-rich blends.
To study the effect of filler incorporation on mechanical

properties, fillers such as carbon black, silica, silane-treated
silica, and cork-filled samples were prepared. All filled sys-
tems, except cork filled, exhibited superior mechanical prop-
erties. Scanning electron micrographs of selected fractured
surfaces were analyzed to study the failure mechanism of
the different compositions. Various theoretical models were
applied to correlate the observed mechanical behavior with
that of theoretically predicted values. © 2006 Wiley Periodicals,
Inc. ] Appl Polym Sci 100: 2912-2929, 2006
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INTRODUCTION

Polymer blending is one of the easiest and most
widely used techniques to prepare polymeric materi-
als with desired properties. Blending a rubber with a
plastic results in thermoplastic elastomers (TPEs).
TPEs can be processed like a thermoplastic yet they
possess the properties of vulcanized elastomers. Thus
TPEs bridge the gap between plastic and rubber in-
dustries. One major drawback that limits the wide-
spread acceptance of such systems is the incompati-
bility between the phases, resulting in premature fail-
ure.

It is well known that the properties of polymer
blends depend on the morphology. One favorable
morphology of thermoplastic elastomers is the forma-
tion of a large number of finely dispersed un-
crosslinked or lightly crosslinked rubber particles in a
small amount of the plastic phase, which is just suffi-
cient to retain its flowability. Such a morphology can
be achieved either by the use of a compatibilizer or by
the process known as dynamic vulcanization. In the
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first case a block or graft copolymer, having segments
identical to the component polymers, is used. The
compatibilizer can be formed in situ or can be pre-
pared separately and then added to the system to be
compatibilized. Several excellent reviews on the com-
patibilization of polymer blends exist." ® A block or
graft copolymer locates at the interface and thereby
reduces the interfacial tension, identical to the way by
which an emulsifier acts.

Datta and coworkers”® described the compatibiliza-
tion of poly(styrene-co-maleic anhydride)/poly(ethyl-
ene-co-propylene) (SMA)/(EPM) blends by the addi-
tion of primary amine-modified EPM (EPM-NH,)
containing 0-3 mol % amine. A substantial improve-
ment in notched Izod impact strength was reported.
The improvement in impact strength can be correlated
to the formation of imide bonds that have been proved
by IR spectroscopy. These authors also reported that a
significant amount of functionalized EPM can be re-
placed by nonfunctionalized high-density polyethyl-
ene (HDPE) without a detrimental loss of impact
strength.

The success of compatibilizers has been demon-
strated in the studies of several immiscible blend sys-
tems.”'* Okada et al."” reported on the morphologi-
cal, thermal, and mechanical properties of blends of
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nylon 6 with maleated ethylene—propylene rubber. In
this case the reaction of the polyamide amine end
group with the grafted maleic anhydride resulted in
TPEs with controlled morphology and chemical bond-
ing between the phases.

Inferior mechanical properties of compatibilized
blends, compared to noncompatibilized blends, has
been ascribed to the macrophase separation of the
compatibilizer.'>'” If the compatibilizer has poor me-
chanical properties in the pure state, phase separation
may lead to inferior mechanical properties. When a
compatibilizer improves the interfacial adhesion and
phase dispersion in a blend, and at the same time has
adverse effects on either or both phases, the resulting
mechanical properties of the blend are determined by
a combination of the two factors.'®

The more physical approach toward compatibiliza-
tion for TPEs is by the use of dynamic vulcanization.
The principle of dynamic vulcanization is to crosslink
the rubber phase during its melt mixing with the
plastic. For blends with similar polarities, a fine mor-
phology is frozen in during dynamic vulcanization.
However, a coarse morphology is developed in the
case of incompatible blends.®

Several articles are quoted in the literature'®** on
the dynamic vulcanization of rubber/plastic blends.
Dynamic vulcanization of polypropylene (PP)/EPDM
by sulfur'® resulted in a dramatic improvement in
tensile strength and elongation at break and a reduc-
tion in tension set with increase in sulfur content up to
2 phr. However, a sulfur system is not used commer-
cially for PP/EPDM blends because PP has a high
melting point and the crosslinks lack thermal stability.
The dynamic vulcanization of PP/EPDM blend by
resoles’ resulted in improvement in tensile strength
and elongation at break. The main reasons for using
resoles are their activities at temperatures above 200°C
and the formation of thermally stable carbon—carbon
bonds.

The blend system under discussion consists of high-
density polyethylene (HDPE) and acrylonitrile buta-
diene rubber (NBR). The very purpose of blending
HDPE and NBR is to develop oil-resistant thermoplas-
tic elastomers. The crystallinity of HDPE and the oil
resistance of NBR make the system resistant to hot
oils. Technological compatibilization is used to reduce
the incompatibility problem.

The present article discusses the failure properties
of HDPE and NBR blends. The effect of blend ratio
and dynamic vulcanization on the fracture behavior is
analyzed. The effect of filler incorporation on mechan-
ical properties is also brought under investigation.
Attempt has been made to correlate the fracture be-
havior with the morphology of a few selected samples.
Various theoretical models were analyzed to correlate
the experimental result with that of the theory.
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EXPERIMENTAL

High-density polyethylene (HDPE; density, 0.96
g/cm?; melt flow index, 7.5 g/10 min) was supplied
by M/s Indian Petrochemicals Corp. Ltd. (Baroda,
India). Acrylonitrile butadiene rubber (NBR; density,
0.98 g/cm?; acrylonitrile content, 32%) was procured
from M/s Synthetics and Chemicals (Bareilley, UP,
India). Fillers such as carbon black (N '330), cork,
silica, and treated silica were used. The particle sizes
of carbon black and silica were 29 and 20 nm, respec-
tively. Cork filler was of much higher particle size of
the order of millimeters. Treatment of silica did not
make any difference in particle size. The filler loading
was based on the rubber content. Only in high rubber
blends was the filler loading varied to study the rein-
forcement by the filler. First a rubber and filler mas-
terbatch was made on a two-roll mill with all the
ingredients except the curatives. The requisite quan-
tity of the masterbatch was then added to the plastic
while melt mixing to get the exact composition.

Our experiments revealed that dicumyl peroxide
(DCP) is the best curative for NBR and in a previous
article we reported® on the variation of crosslink den-
sity of HDPE/NBR blends with the dosage of DCP.
The effect of crosslink density on mechanical proper-
ties is studied by varying the DCP dosage from 1 to 4
phr based on the rubber content. The DCP used was
40% active.

To get an idea about the type of crosslinks on the
mechanical properties, different crosslinking systems
were studied. The various crosslinking systems used
include sulfur, DCP, and a combination of sulfur and
DCP. The sulfur curing system consisted of sulfur 0.1
phr, tetramethyl thiuram disulfide (TMTD) 2.0 phr,
and cyclohexyl benzthiazyl sulfenamide (CBS) 2.5 phr.
The mixed curing system contained sulfur 0.05 phr,
TMTD 1.0 phr, CBS 1.25 phr, and DCP 2 phr. Zinc
oxide (ZnO) and stearic acid were used in the propor-
tion 5 : 1 in all the mixes.

The melt mixing was carried out at 160°C at a rotor
speed of 60 rpm. The mixing time was 6 min. First
HDPE was charged into the mixer and allowed to
melt. After 2 min, the rubber or the masterbatch was
added and allowed to mix for 2 min. The curatives (if
any) were added and mixed for 3 min in the case of
vulcanized blends. The unvulcanized blends were
mixed for 4 min.

The unvulcanized blends were represented by the
letter H and the subscripts following it represent the
amount of HDPE in the blend. Dynamic vulcanization
using sulfur, dicumyl peroxide, and mixed curing sys-
tems were represented by the notations S, D, and SD,
respectively. In filled systems C, K, Si, and TSi stand
for carbon black, cork, silica, and treated silica, respec-
tively, and the subscripts following each notation in-
dicate the concentration of filler in the blend. Thus the



2914

uncrosslinked and unfilled blends were represented
by Hi oo, Hyo, Hso, Hzo, and Hy, depending on the blend
ratio. In these, the subscripts indicate the weight per-
centage of HDPE in the blend. The notation for filled
and dynamically vulcanized blend is explained using
Hs, blend as an example. Thus H5,Cs,D, indicates a
50/50 blend of HDPE and NBR, containing 30 phr
carbon black, crosslinked by 4 phr DCP.

Mechanical properties

Tensile testing was done according to the ASTM
D412-80 test method using dumbbell-shape samples at
a crosshead speed of 500 mm/min using a universal
testing machine (Zwick 1465, Bamberg, Germany).

Tear strength was determined using unnicked 90°-
angle test samples according to the ASTM D 624-81
test method. The testing speed was identical to that of
tensile testing.

Scanning electron micrographs

SEM photomicrographs of tensile and tear fractured
samples were taken after sputter coating the fractured
surface with gold—palladium alloy. The morphologies
of dynamically vulcanized samples were studied us-
ing liquid nitrogen fractured samples. Because the
samples were crosslinked, the preferential extraction
of the rubber phase was not possible. The samples
were directly used without extraction and SEM micro-
graphs were taken on a scanning electron microscope
(model 500C; Philips, Eindhoven, The Netherlands).
The domain dimensions were measured using an im-
age analysis technique by considering a large number
of particles.

Crosslink density determination

The molar mass between crosslinks (M,) of dynami-
cally vulcanized samples were determined by equilib-
rium swelling in toluene using the equation™

_ - p;rl\]s\]vl‘/3 1
T In(1-V,)+V,+ xV? 1

M,

where p, is the density of the polymer; V, is the molar
volume of the solvent; and V, is the volume fraction of
swollen rubber, which is given by

@y
(d — fiw)p, ' + Agps !

v, (2)

where d is the deswollen weight of the sample, f; is the
volume fraction of insoluble component, w is the
weight of sample, p, is the density of the solvent, and
A, is the amount of solvent absorbed.
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Figure 1 Typical Brabender plastographs showing the ef-
fect of dynamic vulcanization on the torque values of a
70/30 blend of HDPE and NBR.

The interaction parameter is given by

Vs
X~ B + RT (8< - 8p)2 (3)

where B is the lattice constant (0.34); R is the gas
constant; T is the absolute temperature, and 8, and Sp
are the solubility parameters of the solvent and poly-
mer, respectively. The crosslink density v was calcu-
lated from M, as

M. (4)

RESULTS AND DISCUSSION
Brabender curves

Typical Brabender plastographs for unvulcanized and
dynamically vulcanized (DCP cured) H;, are shown in
Figure 1. In the unvulcanized sample, the torque de-
creases with mixing time and finally registers a con-
stant value, indicating complete mixing of ingredients.
In dynamically vulcanized samples, the mixing torque
increases with mixing time, which is explained by the
fact that the crosslinked rubber particles exert in-
creased resistance to rotation, which in turn results in
increased torque values.

The effect of DCP concentration on the final torque
values of Hy, Hs, and Hj, are shown in Figure 2.
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Figure 2 Bar graph showing the effect of DCP concentra-
tion on the final torque values of 70/30, 50/50, and 30/70
blends of HDPE and NBR.

From the figure it is very clear that the final torque
values increase with DCP concentration. The effect of
DCP on polyolefins is determined by the structure of
the base polymer. Peroxide-initiated reactive extru-
sion of polyolefin may lead to oxidative degradation,
crosslinking, or chain scission, depending on the type
of polymer, compounding conditions, and partial
pressure of oxygen.”® With respect to the polymer, the
structure of the pendant group (R) determines the
preferred reaction pathway. In the case of polypro-
pylene (PP), (R = CHy), the positive induction effect of
the methyl group facilitates a homolytic scission of the
C—H bonds and the tertiary macroradical formed will
readily undergo chain scission even under a low par-
tial pressure of oxygen.

At high oxygen pressure, oxidative degradation
predominates. In addition, the pendant methyl groups
provide PP with steric hindrance for the coupling of
two macroradicals. For polyethylene (PE) such an ef-
fect or hindrance does not exist, and thus crosslinking
reactions by the combination of secondary macroradi-
cals dominate.”””® Thus the increase in torque with
DCP concentration in the present case is a result of the
crosslinking of both the rubber and plastic phases.
Also, it is evident that at a particular DCP concentra-
tion, the torque increases with rubber content, which
results from the predominant crosslinking of the rub-
ber phase. Additionally when the rubber phase is
dominant it becomes continuous phase and the
crosslinked continuous phase shows high viscosity.
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Thus when the rubber phase forms the continuous
phase the crosslinking is more efficient.

Mechanical properties
Effect of DCP dosage

DCP is capable of crosslinking both phases and there
is the chance of graft formation between HDPE and
NBR. It was observed that the tensile strength of
HDPE was adversely affected upon vulcanization by
DCP. This is attributed to the reduction in crystallin-
ity. In the case of NBR, however, a substantial im-
provement in tensile strength can be observed upon
vulcanization, so a significant improvement in me-
chanical properties can be expected only in rubber-
rich blends.

The stress—strain behavior of unvulcanized and dy-
namically vulcanized H;, blend, containing different
levels of DCP, is shown in Figure 3. From Figure 3 it is
clear that all the Hy, blends show the stress—strain
behavior characteristic of a plastic (i.e., they show very
high initial modulus with yielding and necking). It is
also clear that with an increase in DCP content corre-
sponding increases in the tensile strength and elonga-
tion at break are observed. In unvulcanized H,,, the
rubber is dispersed as large inclusions in the HDPE
matrix because of the high interfacial tension and the
poor adhesion between the phases. It is widely ac-
cepted that in an immiscible blend the particles of the
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Figure 3 Stress—strain plots of unvulcanized and dynami-
cally vulcanized 70/30 blend of HDPE and NBR containing
different levels of DCP.
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Figure 4 Stress-strain plots of unvulcanized and dynami-
cally vulcanized 50/50 blend of HDPE and NBR containing
different levels of DCP.

dispersed phase act as stress- concentrating flaws in-
troducing weak points in the matrix material. As a
result an intrinsically tough matrix breaks at a lower
stress and at a lower elongation. Thus the compara-
tively large rubber particles observed in Hy, act as
crack-initiating flaws, resulting in reduced tensile
strength and elongation at break. With the addition of
DCP, the rubber particles become crosslinked during
melt mixing and the morphology is substantially mod-
ified. As the percentage of DCP increases, the extent of
crosslinking also increases, leading to the formation of
fine crosslinked rubber particles in the matrix. Also,
morphological stability is imparted by the suppres-
sion of coalescence resulting from the decreased dif-
fusional mobility of the crosslinked rubber chains. The
crosslinked rubber particles, if attached to the matrix,
can withstand greater stress by undergoing increased
extent of deformation before failure, thus resulting in
increased tensile strength and elongation at break.
The stress—strain curves of unvulcanized and dy-
namically vulcanized Hs, containing different levels
of DCP, are shown in Figure 4. The tensile strength of
Hs, is much lower than the theoretically calculated
value (18.4 MPa) based on the additivity rule, which is
a clear indication of the incompatibility between the
phases. Also, the large rubber particles dispersed in
the HDPE matrix are ineffective in stress transfer and
act as stress-initiating flaws, resulting in reduced ten-
sile strength. A significant change in the morphology
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is observed upon dynamic vulcanization. The finer
and stable morphology of the vulcanized composition
contributes toward enhanced tensile strength.

The stress—strain plots of unvulcanized and dynam-
ically vulcanized Hj, are presented in Figure 5. The
unvulcanized H,, acts as a weak and soft material.
The drastic reduction in the tensile strength of Hj,
may be attributed to the higher proportion of rubber
and also to the transition of the rubber phase from the
dispersed state to a cocontinuous morphology. How-
ever, a substantial increase in tensile strength can be
observed in vulcanized blends. On comparing the
three blends, H,, Hs, and Hj,, it is seen that the
increase in tensile strength with DCP dosage is highest
in Hyy. A 400% increase in tensile strength can be
observed in Hj,D,.

The variations of the ultimate strength with DCP
dosage of the blends H;,, Hsy, and Hj, are shown in
Figure 6. In all the blends, the ultimate strength in-
creases with DCP dosage and the increase is substan-
tial in high-rubber blends.

The morphologies of the unvulcanized and dynam-
ically vulcanized H,,, Hsy, and Hj, are shown in Fig-
ure 7(a)—(f). In unvulcanized blends, the rubber exists
as large spherical domains in the HDPE matrix until
the rubber content is 50% [Fig. 7(a) and (b)]. When the
rubber becomes the major phase, a cocontinuous mor-
phology is observed [Fig. 7(c)]. On dynamic vulcani-
zation, the morphology is substantially modified. In
all three blends the crosslinked rubber particles exists

Stress (MPa)

0' | 1 | L
0 50 100 150 200 250

Strain (%)

Figure 5 Stress—strain plots of a 30/70 blend of HDPE and
NBR indicating the effect of DCP dosage on stress—strain
behavior.



THERMOPLASTIC ELASTOMERS FROM PE/NBR BLENDS

20

—4Hsg
~-Hso
#+Hyro

15

Tensile strength (MPa)
=
T

0 1 1 1
0 1 2 3

DCP dosage (phr)

N
o1

Figure 6 Variation of ultimate strength with DCP dosage
of 70/30, 50/50, and 30/70 blends of HDPE and NBR.

as dispersed domains with fine morphology. Also,
crosslinking imparts morphological stability by sup-
pressing the tendency toward coalescence.

The crosslink densities of the blends at different
levels of DCP were determined by an equilibrium
swelling method using toluene as the solvent at 30°C.
The variation of V, (volume fraction of rubber in the
solvent swollen sample) values with DCP dosage for
the three different blends are presented in Figure 8. In
all the blends, V, values increase with DCP dosage as
the resistance to swelling increases, which is a clear
indication of the increased extent of crosslinking with
DCP content. At any particular DCP level, the V, value
is the highest for H;,, followed by Hs,, and Hy, shows
the lowest value. This is explained by the fact that the
plastic phase merely acts as a filler and the solvent
uptake is only a result of the rubber phase. Thus Hy,
and Hj, can be considered as rubber samples with
high and low levels of filler (plastic), respectively. As
a result, in a high plastic blend the resistance to swell-
ing is high or the solvent uptake is less, thereby re-
sulting in high V, values.

Variation of yield strength and Young’s modulus
with crosslink density of Hy, is presented in Figure 9.
From the figure it is clear that the yield strength in-
creases with increasing crosslink density. The Young's
modulus, calculated from the initial straight-line por-
tion, increases up to 3 phr DCP. However, at 4 phr
DCP the Young’s modulus shows a significant reduc-
tion. This may be explained by the fact that major
structural rearrangement occurs at this level of DCP,
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which in turn modifies the stress—strain curve and
thereby affects the modulus values.

Variation of tensile strength and Young’s modulus
with crosslink density of dynamically vulcanized Hs,
is presented in Figure 10. The tensile strength in-
creases with increasing crosslink density, increasing
2.5 times from 1 to 4 phr DCP. The significant increase
in tensile strength is attributed to the increased extent
of crosslinking by DCP in high-rubber blends. How-
ever, the Young’s modulus values initially show an
increase with increasing crosslink density and there-
after a decrease.

The effect of dynamic vulcanization (4 phr DCP) on
the tear behavior of H,, Hs, and H,, are shown in
Figure 11. From the figure, it is clear that the dynamic
vulcanization significantly improves the tear strength
values. The reason given for tensile strength improve-
ment also holds good for tear strength. In an unvul-
canized HDPE/NBR blend the dispersed phase acts as
a crack-initiating flaw. In a dynamically vulcanized
blend, however, the dispersed rubber particles en-
hance the energy-absorption capacity of the matrix by
promoting and controlling the deformation of the ma-
trix. Crazing and shear yielding are the deformation
mechanisms. The factors that control the tear strength
include the degree of adhesion, degree of crosslinking,
and rubber particle size, for example. The particle size
and the size distribution have a strong influence on
the tear strength. At the optimum size, a large number
of small crazes are formed and thereby enhance its
ultimate properties. When the rubber particles are
uncrosslinked, the molecular entanglements are insuf-
ficient to prevent rapid flow and premature failure
occurs in response to an applied stress. In crosslinked
samples, however, grafts are possible across the inter-
face because the DCP can crosslink both phases. As a
result, the rubber particles can elongate to very large
tensile strains, giving a crazelike structure.

The variation of tear strength with DCP dosage of
the different blends is shown in Figure 12. From the
figure it is clear that the tear strength of the blends Hy,
and Hs, increases with DCP dosage. However, in Hy,
at 4 phr DCP dosage, the tear strength decreases. This
means that excessive crosslinking has occurred in Hy,.
Based on the deformation processes occurring just
ahead of the crack tip in rubber-toughened polymers,
Yee® proposed that certain conditions must be satis-
fied for maximum toughening. First, the toughening
particles should be much smaller than the size of the
crack tip and plastic zone. Second, they should
debond or cavitate at stresses just below that for fail-
ure of the matrix material, thereby relieving triaxial
tension and initiating the formation of shear bands. In
the present case, the highly crosslinked rubber parti-
cles in 4 phr DCP-cured Hj, will not effectively trans-
fer the stresses to the matrix, thereby resulting in
slightly reduced tear strength.
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Figure 7 SEM micrographs showing the effect of dynamic vulcanization on the morphologies of blends of HDPE and NBR:
(a) Hyo, (b) Hs, () Hsp (X1000); and (d) HyD,, (e) HsoDy, (f) HoD, (X500).

Effect of types of crosslinks fur, peroxide, and mixed cure systems are presented
The types of crosslinks on the mechanical properties of ~ in Figure 13. From the figure it is clear that the DCP-
the blends are explained using Hj, as an example. The ~ cured system acts like vulcanized rubbers; however,
stress—strain properties of Hj, vulcanized using sul-  the sulfur system seems to be very weak and brittle.
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Figure 8 Effect of DCP dosage on the V, values of different
blends of HDPE and NBR.

This may be attributed to the presence of poorly
crosslinked large rubber particles present in the sul-
fur-cured system. The coarse rubber particles act as
stress-concentrating flaws, resulting in premature fail-
ure. In the peroxide-cured system, the crosslinked
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Figure 9 Variation of yield strength and Young’s modulus
with crosslink density of dynamically vulcanized Hy,,.
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Figure 10 Effect of crosslink density on the tensile strength
and Young’s modulus of dynamically vulcanized Hy,.

rubber particles exert increased torque during mixing
and effective particle breakdown occurs. Also, there is
chance for graft formation between HDPE and NBR
phases. Both of these account for the very good im-
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Figure 11 Tear behavior of unvulcanized and dynamically

vulcanized 70/30, 50/50, and 30/70 blends of HDPE and
NBR.
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provement in ultimate properties. The mixed curing
system exhibits stress—strain properties intermediate
to those of sulfur- and peroxide-cured systems. Usu-
ally C—C linkages present in the peroxide-cured sys-
tem are thermally more stable compared to S-S link-
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Figure 13 Types of crosslinks on the stress—strain proper-
ties of a 30/70 blend of HDPE and NBR.
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TABLE 1
Effect of Crosslinking System on the Crosslink
Density of H;,

Crosslink density v X 10*

Crosslinking system (gmol/g)
Sulfur 1.2583
Mixed (sulfur + DCP) 2.6752
DCP 4.3528

ages seen in the sulfur-cured system; thus some of the
crosslinks (S-S) will be lost at the time of processing.
In the mixed cured system both linkages (C-C and
5-S) are possible and thereby have intermediate sta-
bility. Thus the morphology, crosslink density, and
the type of linkages all account for the differences in
the stress—strain properties of blends vulcanized using
different curing systems.

Crosslink densities of Hj, vulcanized using differ-
ent curing systems are presented in Table I. It is seen
that the crosslink density of the DCP-cured blend is
roughly four times that of the sulfur-cured blend. The
Hj, blend, vulcanized using the mixed curing system,
exhibits an intermediate crosslink density value. Be-
cause crosslink density is one of the major factors
controlling the mechanical properties of a vulcanized
blend, an increase in mechanical properties can be
correlated with the extent of crosslinking.

The effects of type of crosslinking system on the
ultimate properties of the blends are presented in
Table II. The general trend is the same in all the
blends. One can notice that with respect to properties
the sulfur system is least favored, followed by mixed
and peroxide-cured systems. It can be observed that in
the sulfur system, the tear values are lower than those
of unvulcanized system, although mixed and perox-
ide-cured systems show substantial improvement in
tear strength. The efficiency of the DCP-cured system
can best be explained by the morphological changes.
In the sulfur system, the rubber is insufficiently
crosslinked and, in fact, at the processing temperature
the low viscosity melt of the crosslinking agents just
rolls over the high viscosity polymer melt and no
proper mixing occurs. As a result insufficient
crosslinking occurs. Also because of the lubricating
action of the ingredients, the already crosslinked rub-
ber particles cannot exert resistance to rotation, which
in turn hinders the breaking up of the rubber into
smaller domains. In fact, the large, lightly crosslinked
rubber particles aggravate the phase separation and
the interface becomes very weak, thus resulting in
inferior properties. In the DCP-cured system, the cura-
tives become properly mixed with the polymer and
the crosslinked rubber particles exert increased resis-
tance to rotation during mixing. This increased thrust
results in breaking up of the crosslinked particles into



THERMOPLASTIC ELASTOMERS FROM PE/NBR BLENDS

2921

TABLE 1I
Effect of Crosslinking System on the Ultimate Properties of the Blends
Properties®
. 2 s 0,
Sample Tensile strength (N/mm®) Tear strength (N/mm) Elongation at break (%)
code U S SD D U S SD D U S SD D
H,, 13.6 13.3 17.7 15.2 471 31.7 74.8 126.1 36 5 11 132
Hs, 6.6 7.2 11.8 18.8 35.9 31.2 50 93.4 24 15 38 382
Hy, 2.7 34 6.6 11.6 16.1 13.6 304 53.1 41 13 56 225

2 U, unvulcanized; S, sulfur cured; SD, mixed cured; D, DCP cured.

fine domains. The small size of the particles and the
uniformity in particle size distribution both account
for the enhancement in tear strength values of DCP-
cured systems.

In the mixed cured system, the properties are inter-
mediate. Here also crosslinking and breaking up of the
crosslinked particles take place but to a lesser extent
compared to that in the DCP-cured system.

The final torque values of unvulcanized and dy-
namically vulcanized blends crosslinked by different
curing agents are presented in Figure 14. It is seen that
sulfur curing results only in a slight increase in the
torque values in all the blends. In fact the extent of
crosslinking is reflected in the torque values. The low
torque values indicate that the sulfur systems are in-
efficiently crosslinked. The high torque values of DCP-
cured blends reveal that it is the most efficient vulca-
nization system and the mixed curing system has in-
termediate efficiency.

25

ZUnvulcanized

m Sulphur vulcanized
CIMixed cured

20 HEaDCP cured

Torque (Nm)

Wt % of NBR

Figure 14 Bar graph indicating the effect of various
crosslinking systems on the final torque values of 70/30,
50/50, and 30/70 blends of HDPE and NBR.

The morphology changes, associated with different
curing systems, are illustrated by taking Hs, as an
example. The morphologies of Hs,, Hs,S, H5,SD, and
Hs5,D, are presented in Figure 15(a)—(d). In Hs, the
rubber is dispersed as large domains in the HDPE
matrix. The high interfacial tension and poor adhesion
between HDPE and NBR result in aggressive phase
separation. During melt mixing fine morphology is
obtained because of high shearing action, but on sheet-
ing or under service conditions particle coalescence
can occur and the coalesced particles are rejected from
the matrix, resulting in poorly bonded large rubber
particles. However, in vulcanized samples [Fig. 15(b)-
(d)] effective particle breakdown occurs and stabiliza-
tion of morphology occurs because of the absence of
the coalescence process. Also, it is clear that the size of
the dispersed domains decreases in the order Hs,S
> H5,SD > Hj,D,. The number-average particle sizes
for Hso, Hs0S, H50SD, and HyyD are 14.28, 3.49, 2.36,
and 1.91 um, respectively. The particle size was mea-
sured by an image analysis technique that considers a
large number of particles.

The tensile fractographs of H,,, H,,D;, H,,D,, and
H,,D; are shown in Figure 16(a)—(d). In unvulcanized
Hy, [Fig. 16(a)] premature failure occurs because of the
poor bonding between the rubber and plastic. How-
ever, dynamic vulcanization improves the rubber—
plastic adhesion by graft formation. The significant
deformation of the matrix, observed in dynamically
vulcanized blends [Fig. 16(b)-(d)], is an indication of
improved adhesion. Also, it is evident that the matrix
deformation increases with increasing DCP concentra-
tion.

Effect of filler incorporation

Types of filler and filler loading on stress—strain properties.
The stress—strain properties of dynamically vulca-
nized Hj, and Hj, containing 30 phr of different
fillers such as carbon black, cork, silica, and treated
silica, are shown in Figure 17. It is clear from the figure
that the tensile strength is enhanced by the incorpora-
tion of carbon black, silica, and treated silica. How-
ever, cork filler results in deterioration in mechanical
properties. The reinforcement by a filler is dependent
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Figure 15
(d)Hs0D;.

on so many factors such as particle size, size distribu-
tion, structure, surface characteristics, and filler-ma-
trix adhesion, for example. Fillers of sufficiently small
particle size will all give about the same order of
magnitude in reinforcement if there are no great dif-
ferences in particle shape. Thus carbon black (29 nm)
and silica (20 nm) give almost the same extent of
reinforcement and cork filler results in inferior prop-
erties because of its comparatively large size.

The effect of carbon black loading on the stress—strain
properties of Hy, is presented in Figure 18. From the
figure, it is clear that the tensile strength shows a mar-
ginal increase with increasing filler loading, which is an
indication of the reinforcement by the filler. The elonga-
tion at break is scarcely affected by filler incorporation.

The effect of filler loading on the ultimate strength
of HyyD, containing different fillers is presented in
Figure 19. From the figure it is clear that, except for

Types of crosslinks on the morphologies of a 50/50 blend of HDPE and NBR: (a) Hs,, (b) Hs,S, (c) H5,SD, and

cork filler, there is an increase in tensile strength with
filler loading. Also, treatment of silica filler with silane
coupling agent results in improvement in ultimate
strength in all cases except for 30 phr filler. The en-
hancement in properties may be explained by the
improved interfacial adhesion between the filler and
the rubber. Usually the coupling agents have an or-
ganic and an inorganic part. The coupling agent mod-
ifies the interface between the rubber and the filler and
enhances the bonding between the filler and the rub-
ber. Thus the interfacial adhesion is enhanced, which
is reflected in increased tensile strength.

In the case of cork filler, a reverse trend is observed
(i.e., the tensile strength decreases with filler loading).
This may be attributable to the insufficient wetting of the
filler by the rubber and may also be attributable to the
large size of the filler compared to that of C-black and
silica.
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(d)

Figure 16 Tensile fractographs showing the effect of DCP dosage on the deformation pattern of H,, blends (X200): (a) H,,,

(b) HyoDy, (c) HyD,, and (d) HyoDj.

Variation of Young’s modulus with filler loading of
dynamically vulcanized Hj, is presented in Figure 20.
A significant increase in Young’s modulus over the
unfilled one is observed in all the fillers, even at 10 phr
loading. Even though cork-filled samples have inferior
tensile strength, the Young’s modulus is high. This
may be attributable to the comparatively high modu-
lus of the filler. This high modulus contributes toward
good initial load-bearing capacity, but in tensile
strength measurement the interfacial bonding also en-
ters the picture. Thus in cork-filled samples a high
Young’s modulus is observed, even though its tensile
strength is affected by filler incorporation. In the other
two fillers (carbon black and treated silica) the
Young’s modulus values increase but not in propor-
tion to the weight fraction of the filler.

Effect of filler on tear properties

The effect of C-black, cork, silica, and treated silica on
the tear force—extension behavior of Hz,D, is pre-
sented in Figure 21. From the figure it is clear that an
enhancement in property is obtained only with silica
filler. As observed in other properties, such as tensile
strength and elongation at break, cork filler results in
a considerable decrease in tear strength. Another im-
portant difference is that, unlike tensile strength and
elongation at break, the tear strength of 30 phr C-
black-loaded Hjj, is less than that of unfilled one. This
can be explained on the basis of the deformation pat-
tern during tearing. The excessive crosslinking and the
high loading of the filler make the matrix somewhat
rigid. In tear testing the predominant ways of energy
absorption are crazing and shear yielding. For proper
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Figure 17 Stress—strain properties of dynamically vulcanized
unfilled and 30 phr filled 30/70 blend of HDPE and NBR.

energy absorption a balance between filler loading
and crosslink density should be maintained. The use
of fine-particle silica at lower loadings has been re-
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Figure 18 Effect of carbon black loading on the stress—
strain properties of dynamically vulcanized 30/70 blend of
HDPE and NBR.
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Figure 19 Effect of filler loading on the ultimate strength of
dynamically vulcanized 30/70 blend of HDPE and NBR.

ported to improve the physical properties of thermo-
plastic elastomer blends.*® At higher filler loadings the
material may undergo a brittle type of failure, result-
ing in reduced tear strength. This is made clear when
we look at the effect of carbon black loading on the
tear behavior of the H,, blend.
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Figure 20 Effect of filler loading on the Young’s modulus
values of dynamically vulcanized Hy,,.
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Figure 21 Force—extension behavior of unfilled and filled
dynamically vulcanized 30/70 blend of HDPE and NBR.

The effect of C-black loading on the tearing pattern
of HyD, is presented in Figure 22. A substantial in-
crease in tear strength is observed with only 10 phr
filler, although the strength decreases on adding fur-
ther quantity of filler. This may be a result of the
increased filler—filler contact rather than the filler—
rubber contact, in highly filled blends.

The tear fractographs of Hsy, HzD,, and H5,K50D,
are presented in Figure 23(a)-(c). Unvulcanized Hs,
[Fig. 23(a)] acts as a weak and brittle material because
of the incompatibility. When a tear force is applied,
failure occurs without any matrix deformation, but in
Hs5,D, [Fig. 23(b)] multiple fracture paths can be seen.
This is explained by the fact that in dynamically vul-
canized Hs, a large number of small crosslinked rub-
ber particles are present that enhance the rubber plas-
tic adhesion. Also, these particles promote and control
the tearing behavior by transferring the stresses to the
matrix. In Hg,K50D, [Fig. 23(c)], large debonded do-
mains can be seen that aggravate the incompatibility
problem. These large debonded domains cannot
hinder a propagating crack and premature failure oc-
curs.

Theoretical modeling

In a two-phase system, theoretical models could cor-
rectly predict the way by which the phases interact
(respond) toward a particular deformation. In an in-
compatible blend, some anomaly may be seen in the
property—composition curve. We could account for
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this by carrying out model calculations. The best-fit
model curve to that of the experimental curve tells us
about the way in which the blend components re-
spond toward an applied stress. The various models
analyzed include parallel, series, Halpin-Tsai,*" Co-
ran’s,? Takayar1agi,33'34 Kerner,*® and Kunori*® mod-
els.

According to parallel combination, the property of
the blend M is given by

M = M, ¢, + My, 5)

where ¢, and ¢, are the volume fractions of the con-
tinuous and dispersed phase, respectively. M, and M,
are the properties of phases 1 and 2. The equation for
the series combination of the components is repre-
sented as

1_é&
M~ M,

¢

M, (6)

Subscripts 1 and 2 have the same significance as in eq.
(1).

Halpin and Tsai®' developed equations to cover the
complete range of moduli from the lowest lower
bound to the highest upper bound.

The Halpin-Tsai equations are

= 7
M~ 1- B, )
140
*H, D
HHag Cyg Dy
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Figure 22 Effect of carbon black loading on the tearing
behavior of dynamically vulcanized 30/70 blend of HDPE
and NBR.
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Figure 23 Tear fractographs of 50/50 blend of HDPE and NBR (x200): (a) Hs,, (b) HsoD,, and (c) H5K5,D,.

and

_Ml/Mz_l 8
T M,/M, + 4, ®

Subscripts 1 and 2 represent continuous and dispersed
phase. A; is defined by the morphology of the system.
For elastomer domains dispersed in a hard continuous
matrix A; = 0.66.

The equations for Coran’s model®* are

M:f(Mu_ML) + M, (9)
where f is a function of phase morphology given by

f=Vy'nVs+1) (10)

and n contains aspects of phase morphology.

Vy and Vg are the volume fractions of the hard and
soft phases, respectively.

According to the Takayanagi model®*?*

M=(1-M)M;+ A[(1 - d’z)/Ml + 432/1\/12]71 (11)

where M, is the property of the matrix phase, M, is the
property of the dispersed phase, and ¢,A is the vol-
ume fraction of the dispersed phase and is related to
the degree of series—parallel coupling. The degree of
parallel coupling of the model can be expressed by

% Parallel = [¢po(1 — A)/(1 — ¢P,A)] X 100 (12)

In Kerner®® model a new factor, Poisson’s ratio, enters
the picture. The equation for this model is
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¢dEd/[(7 - 5vm)Em + (8 - 10Um)Ed]

+ ¢,,/15(1 — v,,)

Em d)dEm/[(7 - 5Um)Em + (8 - 10vm)Ed]
+ 4);;1/15(1 - Um)

Eb:

(13)

where E, is the blend property, v, is Poisson’s ratio,
and ¢ is the volume fraction. The subscripts m, d, and
b stand for the matrix, dispersed phase, and blend,
respectively.

Kunori and Geil™ developed a model to account for
the tensile failure of a blend arising from a lack of
adhesion between the blend components. When there
is no adhesive force between the blend components,
the tensile strength of the blends

136

0y = 0,(1 = Ay (14)

where oy, and o,, are the tensile strength of the blend
and the matrix, respectively, and A, represents the
area occupied by the dispersed phase in transverse
cross section. Kunori and Geil*® assumed that when a
strong adhesive force exists between the blend com-
ponents, the dispersed phase will contribute to the
strength of the blend and therefore the parallel model
may be modified as

o, = O'm(]. - Ad) + o-dAd (15)

If the force propagates mainly through the interface
the above equation may be written as

o, = 0,(1 = ¢ + 04 (16)

and if the force propagates through the matrix, then
the equation becomes

o, = 0,(1 — b)) + 04y (17)

which is same as parallel model.

For filled systems, the simplest equation for the
reinforcement or the increase in rigidity attributed to a
filler is given by the Einstein equation. This equation is
valid only at low concentrations of filler, when there is
perfect adhesion between the phases and can be rep-
resented as

G =Gy(1 +2.5¢) (18)

where G is the modulus of the filled system, G, is the
modulus of the unfilled system, and ¢ is the volume
fraction of the filler. Einstein’s equation implies that
the stiffening or reinforcing action of a filler is inde-
pendent of the size of the filler particles. The equation
shows that the volume occupied by the filler is inde-
pendent of the size of the filler particles and the vol-
ume occupied by the filler, rather than its weight, is
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Figure 24 Various theoretical models for the variation of
Young’s modulus with weight percentage of NBR for un-
filled and unvulcanized blends of HDPE and NBR.

the important variable. The equation also assumes that
the filler is considerably more rigid than that of the
matrix.

An extension of Einstein’s theory, originally devel-
oped to explain rubber reinforcement, is ascribed to
Guth®” and Smallwood.?® Their equation for the in-
crease in modulus arising from a rigid spherical filler
is

G=Gy(1+25¢+ 1.414%) (19)

where each parameter has the same significance as
that of the previous equation.

The curves resulting from different models and that
of the experimental data for the variation of Young's
modulus with weight percentage of NBR of unvulca-
nized blends are shown in Figure 24. From the figure
it is clear that the Takayanagi model, with 15% parallel
coupling, gives the best-fit curve. The parallel and
series models show extreme deviations because in an
incompatible blend, like HDPE and NBR, uniform
stress distribution is virtually impossible. Also, in
such blends premature failure may occur because of
the stress concentration at the interface.

The different model curves and experimental curve
for the variation of Young’s modulus with weight
percentage of NBR of dynamically vulcanized (4 phr
DCP) blends are presented in Figure 25. The series
model is the lowest bound and the parallel model is
the upper bound over the entire composition range.



2928
600
4 EXPERIMENTAL
-©PARALLEL
500 --SERIES
HHALPIN-TSAI
+CORAN (n=3.5)
g HTAKAYANAGI
= 400 (15% parallel coupling)
” -+-KUNORI
5 »%KERNER
g 300
=
[&]
g
s 200
o
=
100

100

Wt% of NBR

Figure 25 Various theoretical models for the variation of
Young’s modulus with weight percentage of NBR for dy-
namically vulcanized blends of HDPE and NBR.

Coran’s model shows positive and negative deviations
from the experimental values. Out of the various mod-
els analyzed, the Takayanagi model gives the best-fit
curve over the entire composition range.

The experimental and theoretical variations of
Young’s modulus with filler loading of dynamically
vulcanized Hjy, are presented in Figure 26. The exper-
imental values are higher than those of the theoretical
models studied.

CONCLUSIONS

Dynamic vulcanization of HDPE/NBR blends results in
an increase in the mixing torque values as a consequence
of the crosslinking of the dispersed domains. Out of the
three vulcanization systems analyzed, the increase in
torque was highest in DCP-cured blends, which is ex-
plained by the fact that DCP is capable of crosslinking
both phases. The increase in torque with DCP dosage
was substantial in high-rubber blends. Mechanical prop-
erties indicated a significant enhancement with DCP
dosage. Again, the increase was more in rubber-rich
blends, attributed to the increase in the extent of
crosslinking. The nature and types of crosslinks also
have a significant effect on the mechanical properties.
The peroxide-cured system is excellent, followed by the
mixed cured system, and the sulfur system showed the
least improvement. Significant morphology transforma-
tion occurred as a result of dynamic vulcanization. In the

GEORGE ET AL.

unvulcanized blend, rubber exists as large particles, thus
resulting in inferior properties. However, the rubber par-
ticle size decreases with the efficiency of the crosslinking
system and its weight percentage. Thus in the present
study the 4 phr DCP-cured system resulted in a substan-
tial number of fine rubber particles; however, in the
sulfur-cured system the rubber particles are compara-
tively larger. The particle size of the mixed cured system
was between that of sulfur and the DCP-cured system.
The fractured surface analysis indicated that premature
failure occurs because the interface is weak in unvulca-
nized blends. On the other hand, in dynamically vulca-
nized (especially DCP-cured) blends, no such debonding
occurs. In fact in such blends yielding of the matrix can
be observed. Thus effective stress transfer could occur in
dynamically vulcanized blends containing small and
uniformly distributed crosslinked rubber particles. Filler
incorporation revealed that the reinforcement results
only in high-rubber blends. Thus carbon black, silica,
and treated silica could marginally improve the mechan-
ical properties of the 30/70 blend of HDPE and NBR.
Variation of mechanical properties with filler loading
suggested that within the limits of study, the tensile
strength increased with filler loading, although the tear
strength was adversely affected. However, an increase in
tear strength can be observed at 10 phr of treated silica.
Treatment of silica with silane coupling agent resulted in
a marginal improvement in properties, which may be
explained by the improved interfacial bonding between
the polymer and the filler. Theoretical modeling sug-
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Figure 26 Theoretical models for the variation of Young's
modulus with filler loading of dynamically vulcanized H,,.
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gested that the Takayanagi model, with 15% parallel
coupling, relates well to the experimental curves in both
unvulcanized and dynamically vulcanized blends. In the
case of a filled system the experimental curve lay above
the theoretical curves.
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