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ABSTRACT: The present study focuses on the influence
of the three structurally different coagents, namely triallyl
cyanurate (TAC), trimethylol propane triacrylate (TMPTA)
and N,N'-m-phenylene dimaleimide (MPDM) on the ther-
mal and rheological properties of thermoplastic vulcani-
zates (TPVs) based on the polypropylene (PP) and ethylene
octene copolymer (EOC). Depending on the structure and
reactivity, different coagents show different behaviors. All
the TPV compositions were made by melt mixing method in
a Haake Rheomix at 180°C. Rheological properties have also
been evaluated at the same temperature. Viscoelastic prop-
erties of the TPVs were analyzed by a dynamic oscillatory
rheometer in the melt state in a Rubber Process Analyzer
(RPA 2000). Morphologically, TPVs consist of dense cross-
linked rubber domains dispersed in a continuous thermo-

plastic matrix. The crosslinked rubber particles have a
tendency to form agglomerates and build local clusters
which undergo disintegration by shearing. A variety of
rheological characteristics such as Payne effect, shear rate
sensitivity, modulus recovery and dynamics of relaxation
were studied by performing strain sweep, frequency sweep
and stress relaxation tests. Among the various coagents
taken for investigation, MPDM-based TPVs show improved
dynamic functions (complex modulus and complex viscos-
ity) and lower rate of stress relaxation over TAC, TMPTA
and the control sample without any coagent. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 117: 1578-1590, 2010
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INTRODUCTION

Thermoplastic vulcanizates (TPVs) are a very special
type of thermoplastic elasomers (TPEs) prepared by
melt blending technique and comprise of the fastest
growing in the family of TPEs."” They are prepared
by reactive blending of rubber and thermoplastic, in
which the rubber phase is crosslinked under
dynamic condition using a suitable crosslinking
agent. TPVs based on polypropylene (PP) and ethyl-
ene propylene diene rubber (EPDM) using activated
phenolic resins were widely studied because of their
commercial importance.'” Naskar et al.>* exten-
sively studied the structure—property relationship of
various peroxides cured PP/EPDM TPVs. Ethylene
octene copolymer provides better toughening charac-
teristics to PP. Lai et al.” studied the fracture mecha-
nism of a PP-metallocene-based EOC thermoplastic
vulcanizate by peroxide crosslinking. Effect of differ-
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ent peroxides on the PP/EOC TPVs was recently
investigated by the authors.

To extend the scope of investigation, influence of
different coagents at fixed concentration of peroxide
on the mechanical and morphological characteristics
of PP/EOC TPVs were studied and reported.” Among
the various coagents taken, N,N'-m-phenylene dima-
leimide (MPDM) showed the best overall balance of
mechanical properties. Morphology analyzes support
the same with the formation of the smallest particle
size. MPDM 1is shown to effectively behave as a
booster as well as a reactive compatibilizer to enhance
the formation of in situ copolymer at the interface in
presence of peroxide in PP/EOC TPVs. To further
support the compatibilizing efficiency of MPDM, melt
rheological characterization is carried out to get valu-
able information about the interfacial adhesion in the
melt state. Knowledge of rheological properties can
provide better understanding about the compatilility
of the blend in the melt state together with melt proc-
essing characteristics.>”

Rheological behavior of the blends mainly depends
on the type of morphology formed as well as interfa-
cial interaction. In the solid state, the properties of the
TPVs are determined primarily by the matrix molecu-
lar weight (which has a direct consequence on the
percent crystallinity and entanglement density),
extent of crosslinking, degree of dispersion, size and
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deformability of dispersed phase as well as morphol-
ogy produced. In the melt state, changes in the mor-
phology originating from matrix molecular weight
can be excluded and the influence of other factors can
be of more importance. Numerous studies related to
the rheological properties of dynamically vulcanized
blends have been reported.'®'®> They demonstrated
that the TPV has a yield stress and that increases with
increasing loading of rubber and show more shear
thinning characteristics than that of neat PP or its
uncrosslinked blends. Morphologically, TPVs consist
of dense crosslinked rubber domains dispersed in the
thermoplastic phase and their rheological behavior
can be compared to that of highly filled polymers.
The crosslinked particles tend to agglomerate and
build local cluster which tends to disintegrate by
shearing. Information obtained from rheological stud-
ies such as strain sweep and frequency sweep of TPVs
can be used to understand the mechanism of rein-
forcement and shear rate sensitivity. Coran and
Patel'* studied the reactive compatibilization and
dynamic vulcanization on the PP/nitrile rubber
(NBR) blends using phenolic resin as a curative. The
added phenolic resin acts as crosslinking agent for
NBR and also as a compatibilizer to intensify the
phase interaction. Corley and Radusch'® studied the
physically compatibilized dynamic vulcanization
using maleic anhydride grafted PP and an amine ter-
minated NBR for compatibilization in PP/NBR
blends. Both in situ and premade block and graft
copolymers were successfully used to intensify the
interfacial interactions of PP and NBR to gain a ther-
moplastic vulcanizates with both improved mechani-
cal and oil resistance properties. It is expected that
coagents can be effectively used as a reactive compati-
bilizer for peroxide cured PP/EOC TPVs.

The present article deals with a comprehensive
insight into the thermal and rheological behavior of
PP/EOC TPVs with special reference to the addition
of different coagents.

EXPERIMENTAL
Materials

The general purpose polyolefin elastomer Exact® 5371
(specific gravity of 0.870 g/cm?® at 23°C; comonomer
(octene) content of 13 (mol %); melt flow index (MFI)
of 5.0 g/10 min at 190°C/2.16 kg), was procured from
Exxon Mobil Chemical Company. The octene content
of these Exact copolymers was determined from 'H-
NMR experiment. Polypropylene (PP; specific gravity
of 0.9 g/cm? at 23°C; MFI of 3.0 g/10 min at 230°C/
2.16 Kg) was obtained from IPCL, India. Dicumyl per-
oxide (DCP) (Perkadox-BC-40B-PD) having active
peroxide content of 40%; temperature at which half -
life time (t,2) is 1 h at 138°C; specific gravity of 1.53
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g/cm® at 23°C) was used as the crosslinking agent

obtained from Akzo Nobel Chemical Company, The
Netherlands. Three structurally different coagents
namely, triallyl cyanurate (TAC), trimethylol propane
triacrylate (TMPTA) and N,N’-m-phenylene dimalei-
mide (MPDM) were obtained from Sartomer Com-
pany. Their chemical names and corresponding struc-
tures were given in elsewhere.”

Preparation of TPVs

PP-EOC TPVs were prepared by melt mixing of PP
with EOC in a Haake Rheomix 600s with a mixing
chamber volume of 85 cc at a temperature of 180°C
with a rotor speed of 70 rpm. Total mixing time for
each batch was around 14 min. First, PP was
allowed to soften and then EOC was added. Melt
mixing was continued until constant torque value
was reached. Dynamic vulcanization was carried out
by adding coagent assisted peroxide curative system
and time of vulcanization (4 min) was kept constant
for all the compositions. The compositions of PP/
EOC TPVs employed and the corresponding desig-
nation is shown in Table I. The different coagents
have different molecular weight and also have dif-
ferent relative functionalities; therefore their concen-
trations were expressed in terms of milliequivalents
per 100 g of pure EOC instead of parts per 100 g of
pure EOC (phr). After mixing, the blends were
removed from the chamber at hot condition and
sheeted out in a two roll mill at room temperature
in a single pass. Sheets were then cut and pressed in
a compression molding machine (Moore Press, Bir-
mingham, UK) at 190°C for 4 min at 5 MPa pressure.
Aluminum foils were placed between the mold
plates. The molded sheets were then cooled down to
room temperature under the same pressure.

Testing procedures

Differential scanning calorimetry

Differential scanning calorimetry (DSC) measure-
ments (around 6 mg of sample weight) were carried
out in a TA instrument, (Model DSC Q100 V 8.1) in
the temperature range of —100°C to 200°C at a heat-
ing (scanning) rate of 10°C/min under nitrogen
atmosphere. The sample underwent a series of
scans: (a) first heating followed by (b) cooling, and
(c) second heating at the same rate of 10°C/min. The
degree of crystallinity of PP was determined from
the heating curve by using the following relation:

AH;

X=— =0
AHcyp0%, x Wi

x 100 ()

where X = Percentage of crystallinity (%)
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TABLE I

TPV Compositions in phr with Varying Types and Concentrations of Coagents
Compound name  DCO0 DC10 DC20 DC30 DA10 DA20 DA30 DM10 DM20 DM30
EOC 100 100 100 100 100 100 100 100 100 100
PP 50 50 50 50 50 50 50 50 50 50
DCP 3.38% 3.38 3.38 3.38 3.38 3.38 3.38 3.38 3.38 3.38
TAC — 083 (10)° 1.66(20) 2.49 (30) - - - - - -
TMPTA - - - - 098 (10) 197 (20) 2.96 (30) - - -
MPDM - - - - - - - 139 (10) 2.79 (20)  4.18 (30)

# Concentration of DCP was optimized as 3.38 phr6 which corresponds to 5 milliequivalent concentration.
P Values in the parentheses correspond to the milliequivalent concentration of respective coagent.

AH; = Apparent melting enthalpy of crystallinity
of PP (J/g)

AHcy00 = Extrapolated value of the melting en-
thalpy of crystallization of

100% crystalline sample, for PP the value is 209

/)"
W; = Weight fraction of PP in the blend

Morphology

Phase morphology of the cryofractured samples of
various blends was investigated by a JEOL JSM 5800
digital scanning electron microscope (SEM). All the
blends were cryofractured in liquid nitrogen to
avoid any possibility of phase deformation during
cracking process. The PP phase was preferentially
extracted by etching with hot xylene at 100°C for 45
min. The samples were then dried in a vacuum oven
at 70°C for 5 h to remove the traces of solvent pres-
ent. Treated surfaces were then sputter coated with
gold before examination.

Rheological characterizations

Melt rheological behaviors of the TPVs were ana-
lyzed in a Rubber Process Analyser (RPA 2000,
Alpha Technologies) equipped with conical test fix-
tures. All the specimens were directly loaded
between the dies maintained at 180°C and the tests
were carried out in both frequency and strain sweep
modes.

Frequency sweep

The frequency was logarithmically increased from
0.33 to 33 Hz at constant strain amplitude of 5%. A
strain of 5% was selected to ensure that the rheologi-
cal behavior was located in the linear viscoelastic
region.

Strain sweep

The strain amplitude sweep was performed from
1-1200% at a constant frequency of 0.5 Hz. The du-
ration of each step strain is around 24 sec.
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Modulus recovery

To determine the recovery kinetics, each sample
underwent the following test sequences: (a) fre-
quency sweep, (b) strain sweep (c) relaxation time of
2 min, (d) frequency sweep, (e) strain sweep, (f)
relaxation time of 2 min, (g) frequency sweep, and
(h) strain sweep. All the tests were carried at a tem-
perature of 180°C. Average of three measurements
was reported for each sample.

Stress relaxation

Stress relaxation experiments were also carried out
in RPA 2000 with the step strain of 70% (5° arc) at
100°C. In general, for rubbery materials like TPEs
and TPVs, the applied or step strain might be far
above the linear viscoelastic limit.'® A preheating
time of 60 sec is given to all the samples prior to the
application of step strain. Stress relaxation decay
time was selected up to 100 sec.

Capillary rheometer

Flow properties were determined using a capillary
rheometer (Smart Rheo, Ceast, Italy). The flow
curves and melt fracture behavior were measured at
different temperatures by using 40 : 1 L : D ratio
capillary die.

RESULTS AND DISCUSSION
Reaction mechanism

The reaction mechanism of peroxide vulcanization
of saturated polymer is well known. Generally in
peroxide vulcanization, along with desirable reac-
tions (which lead to effective crosslink formation)
several competing reactions (rearrangement, transfer,
scission, etc.) also occur simultaneously. The balance
between the productive and competitive reactions
depends on type of polymer and other additives
(fatty acids, oils, antioxidants, etc.) present in the
system.”” Addition of coagent suppresses the com-
peting reactions and also imparts additional



DYNAMICALLY VULCANIZED BLENDS OF PP/EOC

ROOR ----- Peroxide
PP ------ Polypropylene

EOC ---- Ethylene octene copolymer
Q -~ Coagent
Reaction mechanism in the presence of peroxide (only)

(1) ROOR ——= 2RO" Peroxide decomposition

2) RO" + PP - ROH + PP° Radical transfer to PP

(3)pp° ———= PP+ PPy Chain scission

@) RO+ EOC roH + EOC™  Radical transfer to EOC
00—

(5) EoC” + EOC'—— EOC-EOC Formation of crosslinking
6) pp" + EOC' ——= PP-EOC Grafting or Crosslinking

mpp'+ ppt ——= PP-PP Formation of crosslinking

Reaction mechanism in the presence of coagent and peroxide

(8) o'+ Q — ROH + Q Radical transfer to Coagent compound

© EOC+ Q" —— EoC” + Q H abstraction
(10) goc "+ Q" ——— EOC-Q Addition of coagent
(I EoC ™+ Q ——= EOC-Q° Radical transfer
(12)2 EOC - Q' — = EOC-Q-Q-EOC Crosslinking through coagent compound
(13)EOC-Q" + EoC '—— EOC-Q-EOC Formation of crosslink

Homopolymerization or cyclopolymerization

(14) Q" ———= ‘{0}“ of coagent compounds

(15)pp " g —= PP -Q° Radical transfer
(16)PP-Q"+ PP o ~ PP-Q-PP Crosslinking through coagent compound
AN pp” +Q" ——» PP-Q Addition of coagent

(18) PP-Q "+ EOCT ——— = PP- Q-E0oc  Grafting or crosslinking through coagent molecule

Figure 1 Simplified reaction scheme of coagent assisted
peroxide cured PP/EOC blend.

crosslinks. The mechanism of coagent assisted per-
oxide system has been a topic of debate for many
years.'”'® The major component in this blend system
is EOC (50/100 PP/EOC), generation of free radicals
and subsequent crosslink formation in EOC are the
major reactions. However, chain scission of PP by
peroxide also occur simultaneously (more pro-
nounced at higher concentration of peroxide). Figure
1 shows the simplified reaction of coagent assisted
peroxide crosslinking in PP/EOC TPVs.

The reactivity and efficiency of a coagent depend
mainly on the chemical structure of the coagent and
the type of polymer used.'® It is very clear from Fig-
ure 1 that the reactions occur in more complex way
and the final properties are basically the interplay of
aforementioned reactions. Different coagents have
different dimensions to the aforementioned reac-
tions. Equations (1)—(7) show the plausible reactions
in absence of coagent and egs. (8)—(18) represent the
reaction in presence of coagent in peroxide cured
PP/EOC TPVs. Although cross-curing at the inter-
face [eq. (6)] and PP crosslinking [particular at
higher concentration of peroxide; eq. (7)] were possi-
ble in the absence of coagent, but crosslinking in
EOC [egs. (4) and (5)] and degradation in PP [egs.
(2) and (3)] overrides the former. It is expected that,
coagent molecules stabilize the reactive radicals and
aid in formation of additional crosslinks. As all the
coagents contain terminal unsaturation, addition
reaction and hydrogen abstraction are the principle
mechanism by which coagents react with the poly-
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mer. Coagent molecules generate additional cross-
links in the EOC via egs. (8)—(13). Furthermore, PP
fragmentation is not completely eliminated by the
use of coagent, but can be limited to greater extent.
Coagent molecules react directly to the PP radicals
before deleterious chain scission [eqs. (15)-(17)] and
form a more stable polymer radical. This intermedi-
ate shows a favorable tendency towards crosslinking
or grafting to another polymer radical [eq. (18)].
Coagent molecules can also homopolymerize and/or
cyclopolymerize due to the presence of vinyl unsatu-
ration sites [eq. (14)]. Thereby in the final network,
polymer chains may be connected with the coagent
molecules ranging from one to several between the
crosslinks."”

Thermal properties

DSC thermograms were investigated to study the
crystallization and melting behavior of the samples.
DSC provides information about the microstructural
changes that take place in both the phases with the
addition of coagent assisted peroxide crosslinking
system. The effect of addition of coagent on the ther-
mal properties such as glass transition temperature
(T,), melting temperature (T,,), heat of fusion (AHjp)
and % crystallinity (X.) of PP/EOC TPVs were listed
in Table II. Melting endotherm and crystallization
exotherm at 20 mequiv concentration of different
coagents are shown in Figure 2. Irrespective of na-
ture of different coagents used, Tjincreases margin-
ally, T,, decreases, and X. decreases gradually for
both EOC and PP components as a function of
coagent concentration. These results clearly
emphases the addition of coagent affects the micro-
structural arrangements of polymer chains in both
the phases (EOC and PP). In general, addition of
coagent increases the crosslink density in EOC phase
and decreases the degradation in the PP phase. The
changes in the EOC phase are mainly attributed due
to the increase in crosslink density in the EOC
phase. With increasing crosslink density, the free-
dom of movement of polymer chains decreases and
thereby limits the crystallizing tendency (decrease of
perfectness of crystals). In PP matrix, the melting
characteristics were determined by various factors
and discussed in our previous paper.® It is a matter
of fact, lowering of molecular weight by chain scis-
sion reaction favors to increase the % crystallinity.
Decrease in chain length have higher tendency to
orient in the crystallization process without any
restrictions imposed by entanglements.” Interest-
ingly, X. of PP decreases continuously with addition
of concentration. Coagent sufficiently absorbs the
free radicals in the PP chains before B-chain scission
and thereby limits the degradation effect. Apart
from that, addition of coagent aid in enhancing the

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
DSC Data of Dynamically Vulcanized Blends with Varying Coagent Concentrations
EOC PP
Compound name T, (°C) T,, (°C) AH; (J/g) X, (%) T, (°C) T,, (°C) AH; (J/g) X (%)
DCO0 —47 59 16.06 8.39 6 166 28.84 4221
DC10 —46 58 13.74 717 5 166 28.17 41.23
DC20 —46 56 13.26 6.92 5 165 27.65 40.47
DC30 —46 53 12.17 6.35 6 165 26.23 38.39
DA10 —45 54 14.52 7.58 5 165 28.59 41.82
DA20 —46 50 14.21 7.41 6 163 27.76 40.63
DA30 —46 50 14.14 7.38 6 163 26.38 38.61
DM10 —47 54 15.13 7.90 7 163 27.89 40.82
DM20 —46 53 14.96 7.81 6 162 27.31 39.97
DM30 —42 53 11.71 6.11 6 162 25.79 37.75

cross curing tendency [grafting of either compo-
nents; eq. (18)], and grafting or addition of only
coagent molecules in the PP chains [egs. (10) and
(17)] and limited extent of crosslinking in the PP
macromolecules [egs. (15) and (16)]. The combined
effects of aforementioned reactions result to restrict
the spherulithes growth of PP and correspondingly
decrease the crystallinity. Among the coagents taken,
MPDM-based TPVs show most favorable thermal
properties of reduced % crystallinity. At 30 mequiv
concentration of MPDM, T,, of PP decreased from
165°C to 161°C and X, of PP decreased to about 5%
than control (TPV without any coagent) sample.
MPDM is expected to be acting as both crosslinking
agent and compatibilizer (in terms of increasing
interfacial reaction by in situ graft copolymer forma-
tion or cross curing) and correspondingly affect the
melting characteristics of both PP and EOC.

Morphology

The morphological features as obtained from the
field emission scanning electron microscopy
(FESEM) for PP/EOC TPVs without and with three
different types of coagents at equal concentration
were discussed in our previous article.” However, in
order to visualize the nature of dispersed phase,
SEM photomicrographs of the TPVs without (con-
trol) and with 20 mequiv concentration of MPDM
(DM20) are shown in Figure 3 (in which PP matrix
phase was preferentially extracted). Although, the
particle size decreases with the addition of coagent
(MPDM), difference in the particle size with varying
the coagent type is not very clear (not shown) in the
given experimental window. As the particle size
decreases, the tendency to form localized network
structure or agglomerated structure among the par-
ticles increases due to closed proximity of the par-
ticles. The presence of localized crosslinked EOC
domains embedded in the PP matrix by joint shell
mechanism or segmental interdiffusion mechanism
has been proposed.®”'* The morphological analyzes
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could not give a clear variation and distribution in
particle size. Therefore, the evolution of network
structure formed by crosslinked rubber particles
could be investigated in detail by nonlinear shear
experiments.

Rheological properties
Strain dependence of viscoelastic behavior

The strain dependent rheological properties of 50/
100 PP/EOC TPVs prepared by three different
coagents are represented in Figure 4. Dynamically
vulcanized blends show significant increase in
dynamic modulus and viscosity values (dynamic
functions) than unvulcanized blend. As expected,
coagent assisted dynamic vulcanization further
increased the dynamic functions than the control
(TPV without any coagent).

In a filled elastomer system, with increasing strain
amplitude at a constant frequency, dynamic storage
modulus decreases, commonly termed as “Payne

Heat flow (arbitary unit)

400 -50 O s 10 150 200
Temperature (°C)
Figure 2 DSC thermograms of dynamically crosslinked

blends without and with 20 mequiv concentration of dif-
ferent coagents.
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SEMHV. 10.00 kv WD: 21.0040 mm
SEM MAG: 2.11 kx Det SE Detector 20pm
Date(mJdly): 04/22/08 guest
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WD: 19.4020 mm
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-
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Figure 3 SEM photomicrographs of dynamically vulcanized PP/EOC TPVs. (a) Control (without coagent); (b) 20 mequiv

concentration of MPDM.

effect.” The decrease in dynamic functions is related
to the disintegration of secondary structures.”’ TPVs
show more progressive nonlinear behavior i.e.,
decrease of dynamic functions with increasing strain
amplitude. [Fig. 4(a)]. In TPVs, the secondary struc-
ture corresponds to the agglomeration and/or aggre-
gation of crosslinked EOC particles dispersed in the
continuous PP matrix.”> Indeed the nonlinearity in
TPVs may also relate to the debonding and rebonding
of EOC dispersed phase from the PP matrix phase. In
case of uncrosslinked blend, the nonlinearity at high
strain is due to both disintegration of entanglement
network and debonding of molecules of PP anchored
in EOC matrix phase. The critical strain amplitude
(vc), where the nonlinearity starts is related to the na-
ture of the secondary network structure formed by

o PP+EOC
a * DCO
= DC20
e Y o e DA20
s o o o o o gt A DM20
*  x * * °
x * % t*:: o 1
E] * o =m
-g 10—: * o n
E ] * :-
o [
=] o 0 O pgom L]
@ o o ]

S o “
2] 14 o %
o o

o
o
a]
a]
%
0.1 v ——— — —
1 10 100 1000

Strain (%)

the dispersed phase. The variations in the strain de-
pendent viscoelastic property between the coagents
are mainly related to the state and mode of formation
of the secondary network domains dispersed in the
continuous PP phase. Among the coagents, MPDM
shows increased dynamic functions and more nonlin-
ear behavior followed by TAC and TMPTA (Table
II). From the morphological analyzes presented in
our earlier paper,” MPDM-based TPV is found to ex-
hibit smaller crosslinked particles and less phase het-
erogeneity. Therefore, it is expected that, smaller par-
ticles can impart greater storage modulus and more
nonlinear behavior. These may be attributed to the
two plausible effects: first, reduction of particle size
by improving the interfacial interaction tends to
increase both modulus and viscosity values. Second,

b
‘A‘MA i
° a A _gummon g
4 2 : e Yooee - #
. [ * K kg, . & l.
N e 4
X 10 . % ® H
2 -9
E} 4
g 1 (]
g 1a a & 0 5 ooog 5 ’k
w o
w
o o
3 o PP+EOC o
* DCO Op
= DC20 “
e DA20
A DM20
1 . LA i T B * LR S R | L OIS o T, |
1 10 100 1000

Strain (%)

Figure 4 Variation of dynamic function as a function of strain amplitude for uncrosslinked and dynamically crosslinked

blends at 180°C. (a) Storage modulus, (b) loss modulus.

Journal of Applied Polymer Science DOI 10.1002/app



1584

BABU, SINGHA, AND NASKAR

TABLE III
Rheological Parameters and Values Observed from the Strain Sweep Experiments
First run Second run Third run
Compound name  G,° G.° Y tan § = 1¢ Gy G, Yo tand=1 Gy G, Yo tand=1
DCO0 348 0.773 15.2 110 336 0659 72 61 32.1 0.650 6.3 54
DC20 826  1.212 6.1 203 63.3 1.052 54 88 62.5 1.021 4.8 80
DA20 50.2 0.972 5.7 198 41.8 0.932 5.1 66 40.2 0.921 4.5 62
DM20 92.3 1.023 53 146 90.3 0941 438 101 89.4 0931 41 92

Note: Average of three measurements were reported.

? Low-strain storage modulus (modulus at 2% strain) (kPa).

" High-strain storage modulus (modulus at 1200% strain) (kPa).

¢ Critical strain amplitude (strain at 90% Gy; 0.9 G;) (%).
4 Strain amplitude at G’ = G” (crossover point) (%)

these small particles have higher tendency to agglom-
erate or aggregate, which results in more nonlinear
behavior. In other words, it can be stated that pres-
ence of secondary clusters or network domains
increases the viscosity and in turn enhance the visco-
elastic nonlinearity.

The strain dependence of loss modulus (G”) with-
out and with coagent is presented in Figure 4(b).
Evidently loss modulus also increased with the
coagent addition throughout the strain level studied.
G” shows a well defined peak at the critical strain
amplitude region. It may be related to the energy
dissipation produced by the breakdown and refor-
mation of secondary network formed by crosslinked
EOC domains.® TPVs exhibit more elastic behavior
at low strain region i.e., G’ > G”, with increasing de-
formation TPVs become progressively more viscous
and two curve intersect at G' = G” (tan 6 = 1) and
the corresponding strain amplitude is mentioned in
the Table IIl. Among the various coagents used,
MPDM-based TPVs show higher dynamic modulus
and more nonlinear behavior. However, interpreta-
tion of results of increase in dynamic functions and
the nonlinearity still remains a topic of debate.

a
A A
A
1004 AA A

— i 4 4 an L I &
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Q .

= 3 . * ok ]

[7] k. *

s 1 = :

o

g 1

1S

E 10 4 DD
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£ 5 O PP+EOC
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= DC20
e DA20
A DM20

01 1 10 100

Frequency (Hz)

Frequency dependence of viscoelastic behavior

Dynamic frequency sweep tests were conducted in
linear viscoelastic region to further understand the
network formation and microstructural changes in
detail. Polymers are of non-Newtonian nature and
their viscosity decrease with increasing shear rate.
Figure 5(a,b) shows the logarithmic plot of depend-
ence of complex viscosity (n*) and complex modulus
(G*) as a function of frequency (®). MPDM-based
TPV (DM20) exhibits higher n* and G* over the
entire frequency range. It can be seen that, the vis-
cosity is highly sensitive with significant drop at
higher shear rate. Formation of aggregated and/or
agglomerated structure of dispersed phase may be
responsible for the high initial value of complex vis-
cosity.** The tendency of G* vs. o plot to attain pla-
teau state (viscoelastic solid like behavior) in the low
frequency region indicating the presence of three-
dimensional network structure formed by cross-
linked particles which hindrance the relaxation pro-
cess of the TPVs. The value of shear thinning value
(n value) can be determined from the slope of
straight line obtained in the low frequency region in
the log (n*) vs. log (o) plot (Table IV). The value of
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b * DCO
\ = DC20
100000 4 e DA20
-~ ¢ 1 4 DM20
7 T ¢ @4
g 1 * e
o &
2 °
£ 10000 xe
o k| *
g8 3
' 1 o o b4
g L '
E 10004 O !
S ] o $
1 o
<4 (m]
100 s P
0.1 1 10 100

Frequency (Hz)

Figure 5 Variations of dynamic functions (G* and n*) as a function of angular frequency. (a) Complex modulus (G*) and

(b) Complex viscosity (1%).
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TABLE IV
Rheological Parameters and Values Observed from the Frequency Sweep Experiments
First run Second run Third run
Compound name Gy® My’ nt Gy Mo n Gy Mo n
DCO0 28.6 45620 —0.7519 26.1 41638 —0.7246 25.8 40524 —0.7132
DC20 57.1 104000 —0.8583 48.0 83879 —0.8250 47.0 80268 —0.8136
DA20 33.8 65718 —0.7843 31.8 57737 —0.7639 30.6 56812 —0.7542
DM20 71.8 127000 —0.8627 60.6 108000 —0.8378 60.0 101246 —0.8216

Note: Average of three measurements is reported.
a Complex modulus at low frequency (0.05 Hz) (kPa).

b Zero shear viscosity (complex viscosity at low frequency) (Pa s).
¢ Shear thinning component (slope of the straight line obtained by plotting log(n*) and log(w) between the frequency

0.1 and 10.0 Hz.

n increased drastically fro the dynamically vulcan-
ized blends. As the frequency increases, the network
structure that tends to deform and exhibit higher
shear thinning behavior. MPDM-based TPV shows
higher negative n value due to the existence of the
smaller particle size. Similar results have been
observed for PP/EOC TPVs having smaller particle
size.?® Tt is expected that, MPDM acts as a booster
for peroxide as well as compatibilizer for the blend
components. The formation of in situ graft copoly-
mers reside at the interface and consequently reduce
the particle size of the crosslinked EOC phase. In
other words, interfacial tension decreases with an
increase in interfacial graft copolymer formation to
form small crosslinked particles. As the particle size
decreases, more number of polymer chains get
adsorbed on the surface of the crosslinked EOC
domains and average distance between the dis-
persed particle—particle could decrease. These lead
towards physical jamming, which acts as energy bar-
rier against the relaxation of system. These have
been reflected to increase both modulus and viscos-
ity values in the strain and frequency sweep tests.

Modulus recovery

Another important aspect to understand the mecha-
nism of reinforcement in TPVs is restoration of module
following the large strain amplitude disruption. The
evolution of the secondary structure could be investi-
gated by the nonlinear shear experiments. The
sequence of test (given in experimental section)
employed in this study to understand the modulus re-
covery kinetics has been already reported by the same
authors® and Osman et al.*® Figure 6 shows the com-
parative subsequent strain sweep test performed im-
mediately after a relaxation time of 2 min and a fre-
quency sweep (for clarity only control and MPDM-
based TPVs are shown in Fig. 6). Irrespective of
coagents used, initial storage modulus marginally
decreased, onset of nonlinearity starts in the lower am-
plitude region and the magnitude of loss maximum

decreased and shifted to the lower amplitude region.
These evolutions are associated with the nonreversible
deformation of the network structure, the so called
Mullins effect. The rheological properties associated
with the strain sweep test for all the three runs or
sweeps are shown in the Table III. It is worth noting
that, almost more than 95% of the initial storage modu-
lus value is reformed or regained within the given
interval (2 min) and/or displacement of the physical
adsorption tendency together with rearrangement
favoring the strained state network chains. Further-
more, most of the stress softening effect is observed in
the 2nd run and only very minor changes observed in
the 3rd run. The nonlinear dynamic behavior of the
TPVs can be visualized by two main mechanisms: one
based on the concept of direct contact mode of the par-
ticles and the other by the indirect contact mode i.e.,
polymer chains adsorbed on the surface of crosslinked
domains. The observed repetitive dynamic strain
sweep results of the TPVs can be evaluated in terms of
particle-particle and particle-matrix interaction. In
case of particulate filled polymers (calcium carbonate
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Figure 6 Storage and loss modulus of TPVs plotted as a
function of strain amplitude. (Full symbol represents for
first run and open symbol for second measurement after
relaxation and frequency sweep).
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Figure 7 Dependence of viscoelastic property as a func-
tion of angular frequency. (Full symbols for first frequency
sweep and open symbols for second sweep after an strain
amplitude sweep and a relaxation time of 2 min).

filled polyethylene®) with high degree of interaggre-
gated interaction, particle-particle interaction is more
pronounced to give higher initial modulus value in the
first strain sweep. The second strain sweep results to
give, a drastic decrease in the initial modulus value
and the onset of nonlinearity shifted to the higher am-
plitude region. However, in case of TPVs, the reverse is
found to evolve i.e., initial storage modulus regained to
large extent and onset of nonlinearity shifted to lower
amplitude region. These rheological responses confirm
that the network structure formed by the crosslinked
EOC domains was dominated by the indirect contact
mode or joint shell mechanism (higher particle-matrix
interaction).

The kinetics of breakdown and the recovery of the
structural configuration can be studied by subsequent
frequency sweep after a large amplitude perturbation.
In all the cases, marginal reduction in the dynamic
functions is observed only in the low frequency range
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(Fig. 7). Rheological properties associated with the fre-
quency sweep for all the three runs are shown in the
Table IV. However, in all the runs, MPDM-based TPVs
show higher dynamic functions in the entire range of
frequency studied. These suggest that, the secondary
network is not significantly affected by the deformation
imposed by the strain sweep or the deformation
regained in the given interval (2 min). The aforemen-
tioned observation suggests that, the secondary net-
work structure has energetically elastic network char-
acteristics. The repetitive dynamic rheological results
of TPVs observed earlier show striking similarity to
that of carbon black-filled elastomer systems.*

Stress relaxation measurements

Stress relaxation test is often considered as the sim-
plest and fastest way to quantify the viscoelastic
response of polymeric materials.”® A constant step
strain is applied and the resulting decay in stress is
measured as a function of time. When the rate of
relaxation is fast, there exists a higher viscous nature
of the compound relative to its elastic nature. Le
et al.'® studied the stress relaxation behavior of vari-
ous TPEs and TPVs and concluded that the relaxing
behavior of TPV is an interplay of viscoelastic, elas-
tic and plastic deformation of blend components. In
general, the mechanism of viscoelastic relaxation in
TPVs includes configurational changes in the indi-
vidual polymer chains of blend components, attach-
ment and reattachment of crosslinked domains in
the matrix and the relaxation at the interface which
depends on the degree of interfacial interaction.
Linear plot of (G;/Gy) versus log t of dynamically
vulcanized blends without and with coagents of three
different types are shown in the Figure 8(a,b), where
G; is the modulus at time t and G is the modulus at
time ¢+ = 0. During stress relaxation test, decay in
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114 —=—DC30
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Figure 8 Stress relaxation of peroxide cured PP/EOC TPVs without and with different coagents. (a) 10 mequiv concen-

tration and (b) 30 mequiv concentration of different coagents.
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TABLE V
Stress Relaxation Data of Various Samples

Compound Initial Slope Intercept Time to 50% Residual
name modulus (kPa) (— ive) (dNm) decay (sec) Modulus (kPa)
DCO0 532 0.179 59.2 0.18 205
DC10 658 0.127 76.6 0.72 334
DC30 726 0.110 83.5 091 405
DA10 477 0.152 55.3 0.52 214
DA30 718 0.122 81.3 0.56 365
DM10 1009 0.094 116.4 1.50 607
DM30 1139 0.078 133.2 3.80 746

stress is very fast in the beginning and it gradually
slowed down with time. The initial modulus, residual
modulus (modulus at 100 sec), slope (steepness of the
decay), intercept, time at 50% drop in initial modulus
is listed in the Table V. Irrespective of different
coagents used, as the concentration of coagent
increases from 0 to 30 mequiv, both initial and resid-
ual modulus increase and rate of relaxation decreases
gradually. However, more substantial improvement
in the elastic recovery property is observed at the
lower concentration (10 mequiv) of coagent [Fig. 8(a)]
in comparison with the higher loading of coagent (30
mequiv) [Fig. 8(b)]. These were reflected in the inter-
cept and the slope value (negative value), respec-
tively. Lower the rate of relaxation (lower the slope
value), better is the elastic recovery property. Among
the various coagents taken, MPDM is found to pro-
vide the lowest rate of relaxation and TMPTA is the
fastest [Fig. 8(ab)]. Significant improvement is
observed for MPDM-based TPVs in terms of modulus
and stress decay. These results are in line with the
rheological response of the TPVs in both strain sweep
and frequency sweep mode. MPDM acts as a booster
for peroxide as well as compatibilizer for the blend
components. Because of enhanced interfacial interac-
tion, slippage at the interface is greatly reduced and
consequently rate of relaxation decreases.

Capillary rheometer

In addition to the viscoelastic characteristics of indi-
vidual polymer, interfacial interaction and morphol-
ogy developed plays a vital role in determining the
flow properties of polymer blends.**’ The flow
behavior of the polymer system can be well quantified
by the Power-law model. Power law constants, flow
behavior index (1) and consistency index (k) values
were determined by the linear fit of the log-log plot of
apparent shear viscosity and apparent shear rate®®
(Fig. 9). The effect of temperature, type of coagent and
their concentration on n and k values are summarized
in Table VI. In all the cases, the values of n are less
than unity and lie within 0.60-0.65, indicating the
non-Newtonian behavior or pseudoplastic nature of

the TPVs. Information regarding the temperature sen-
sitivity on the flow characteristics is essential to deter-
mine the optimum processing temperature. It is well
known that pseudoplasticity increases (n value
decreases) and viscosity decreases (k value decreases)
with an increase in processing temperature at all
shear rates.”® Higher the temperature, more thermal
energy supplied to the polymer segments that may
cause the easy alignment of polymer chains in the
direction of flow. Irrespective of the different coagents
used, n and k values increase with increase in concen-
tration of coagent. These suggest that, addition of
coagents increase the viscosity at low shear rate
region which may be due to the resistance imposed
by the shearing away of the dispersed phase in the
flow direction. As mentioned previously, coagents
employed not only enhance the crosslink density of
the dispersed phase but also aid in the interfacial
interaction between the dispersed phase and the ma-
trix phase. However, different coagents show dissimi-
lar flow behaviors as a function of coagent concentra-
tion. In case of TAC aided peroxide cured PP/EOC
TPVs, increase in concentration of TAC causes to
increase the k value and decrease the n value. ie.,
DC30 shows higher viscosity at low shear rate region
and lower viscosity at higher shear rate with respect

1000

100 4

Apparent shear viscosity (Pa.s)

10 100 1000 10000

Apparent shear rate (s”)

Figure 9 Log-log plot of apparent shear viscosity versus
apparent shear rate for control and MPDM-based TPVs.
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TABLE VI
Flow Behavior Index (n) and Consistency Index (k) at 180, 200, and 220°C for Various Coagents Added Peroxide Cured
PP/EOC TPVs

Flow behavior index (1)

Consistency Index (k; kPa s)

Compound name 180°C 200°C 220°C 180°C 200°C 220°C
DCO0 0.607 0.596 0.591 6.02 5.88 5.05
DC10 0.645 0.623 0.615 11.57 8.31 6.53
DC30 0.632 0.621 0.605 11.74 10.00 8.77
DA10 0.635 0.602 0.589 11.44 6.45 5.46
DA30 0.636 0.596 0.590 11.48 6.30 5.55
DM10 0.651 0.625 0.620 12.22 8.94 7.16
DM30 0.660 0.656 0.650 12.88 10.23 8.97

to DC10. The crossover of G’ and G” (crossover point)
is observed at around 500 s '. There appears no re-
markable difference in the flow behavior of TMPTA-
based PP/EOC TPVs as a function of concentration of
TMPTA (n and k values do not follow a particular
trend). In case of MPDM-based TPVs, viscosity was
increased throughout the shear rate range with
increase in concentration of MPDM. In our earlier
publication, the authors reported the use of MPDM as
an effective coagent and compatibilizer for the perox-
ide cured PP/EOC TPVs.” Furthermore, the particle
size considerably reduced upon the addition of
MPDM. The graft copolymers formed at the interface
improves the adhesion between the two components
which in turn effectively transfer the stress from the
matrix to the dispersed phase.

The melt viscosity and the elasticity are the two
opposing factors that determine the overall process-
ability of polymers melts. Because of the viscoelastic
characteristics of the polymer melts, when emerging
from the capillary dies, the oriented segments try to
reorient and re-entangle. As a result, extrudates

show (die) swelling, melt fracture, wavy fracture
and shark skins etc.”® Figure 10(a,b) shows the pho-
tograph of extruded samples at the shear rate of
1000 s~' and at 200°C for the TPVs prepared by
three different coagents at two different concentra-
tions. It is quite clear from Figure 10, in contrast to
the TAC-based TPVs, MPDM-based TPVs show
comparatively smoother extrudate at identical con-
centration. It is worth noting that, TAC at 30 mequiv
concentration shows severely distorted and melt
fracture characteristics. In our previous publication,”
it was shown that TAC at higher concentration
undergoes homopolymerization or cyclopolymeriza-
tion which overrides the other positive effects
imparted by the coagent in peroxide cured PP/EOC
TPVs. On the contrary, MPDM-based TPVs show
comparatively smoother extrusion characteristics at
all concentration levels, which is evident due to the
formation of more compatibilized and/or formation
of smaller dispersed particle size.

The extrudate of the MPDM-based TPVs, was rela-
tively smooth at lower shear rate and lesser surface

1000 s!
200 °C

Figure 10 Photographs of the extrudates at 200°C, at 1000 s~ for various coagents containing PP/EOC TPVs at different

concentrations (a) 10 mequiv and (b) 30 mequiv.
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Figure 11 Photographs of the extrudates at 200°C and at different shear rates for MPDM-based TPVs (a) 100 s ' and (b)

5000 s~ L.

distortion at higher shear rate than TAC and
TMPTA-based TPVs at equal concentration of
coagent [Fig. 1l(a,b)]. DMI10 shows relatively
smoother extrudate even at higher shear rate than
their counterpart. But DM30 shows sharkskin forma-
tion at low shear rate and more roughness is
observed at higher shear rate. Sharkskin has been
suggested as surfaces melt fracture, associated with
the high degree of stretching in the surface layers of
the melts as it emerges form the die.”” Severe distor-
tion (melt fracture) at high shear rate may be due to
the higher elastic memory effect. Therefore, it can be
concluded that MPDM not only improves the sur-
face smoothness of the extrudates but also improves
the rheological and mechanical properties” (even at
10 mequiv concentration) by the compatibilizing
tendency in the peroxide cured PP/EOC TPVs.

CONCLUSIONS

The present investigation deals with the melting and
rheological characteristics of peroxide cured PP/EOC
TPVs in presence and absence of various coagents.
Three different coagents such as TAC, TMPTA, and
MPDM were chosen for this investigation. Coagent
assisted peroxide cured system affects the crystallizing
behavior due to the various types of reactions taking
place simultaneously. X, of both EOC and PP decrease
with the addition of coagent; however remains largely
unaffected in case of PP. Therefore, the improvement in
the mechanical properties is mainly due to the cross-
linking in the EOC phase. Dynamic melt rheological
properties were performed to study the viscoelastic
characteristics of the TPVs. By nature, their rheological
response is very similar to that of filled polymer melts.

It was found that, MPDM-based TPVs show enhanced
dynamic functions (from strain sweep and frequency
sweep) and reduced rate of relaxation (from stress
relaxation experiment) followed by TAC and TMPTA.
Generally, increase in dynamic functions is attributed
due to the improved crosslinking in the EOC phase and
immobilization of the interface by compatibilizing effi-
ciency of coagent. MPDM-based TPVs show higher
modulus in low strain amplitude region and more non-
linear behavior. However, they show higher modulus
in the entire range of frequency studied, it can still be
processed like thermoplastic. It can be concluded from
the aforementioned observations that the dual role of
MPDM i.e., as a booster for peroxide and as a reactive
compatibilizer assist to improve the properties in the
solid as well as in the melt state. Rheological behavior
of the TPVs are mainly attributed due to the character-
istics of the cluster structure formed by dispersed par-
ticles, which in turn depends on the particle size and
the interaction between the dispersed particles and the
matrix phase. The extrudate surface of the MPDM-
based TPVs show comparatively smoother surface than
other coagents used. Amongst the various coagents,
MPDM containing TPVs show superior solid state and
melt state properties. It can be concluded that, addition
of MPDM in peroxide cured PP/EOC blends turn out
to give comaptibilized dynamic vulcanizates.

The authors thank Mr. S. Mushtagq for his technical assistance
in rheological experiments.
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