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ABSTRACT: Various blends of polypropylene and ethylene propylene diene terpolymer
were prepared. In these blends, rubber phases were compounded with an optimum
sulfur curing system. The equivalent cure time and state of cure of the mixes were
studied in the temperature range from 120 to 190°C by a rheometer. The temperature-
independent parameters (E;, E;, S;, and S;) and specification of the temperature
dependence curing rate constant (%) and induction period (¢,) were determined. The
activation energies of the crosslinking reaction are almost similar for the virgin EPDM
and EPDM/PP mixes. The value 9 Kcal/mol was considered sufficiently accurate for
these mixes. A discussion of temperature-conversion factor of the mixes is also provided.
© 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 1231-1236, 1997

INTRODUCTION

Many methods for predicting the state of the cure
of rubber materials have been used. They have
been applied to systems either like gum rubber
or filler/resin/oil-loaded rubber. The problem of
being able to calculate the cure in plastomer—
elastomer blend specimens, wherein the tempera-
ture, time, and nature of plastomer is dependent,
is one that has been recognized earlier. There is
no rule similar to the rule of thumb in use for
adjusting the cure time to different temperatures
and for different plastomer—elastomer blend com-
positions and there have not been any monograph
methods worked out for adjusting the cure times
for blend compositions. The present work was a
critical study on selected ethylene propylene diene
and polypropylene (EPDM-PP) blends'™® with
special reference to the “activation energy of vul-
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canization”'® and the “temperature coefficient of

vulcanization”!! for present-day plastomer—elas-
tomer blend compositions. The equations used in
the present article are based on the state of the
cure in terms of temperatures, cure cycle time,
and basic stock-curing parameters. It is a method
of a rapid and systematic study of the main effects
and interaction effects of these variables upon the
state of the cure.

In the context of studies undertaken, it is im-
portant to mention the basic equations related to
the vulcanization used for predicting the state of
the cure in heterogeneous rubber blends. Claxton
and Liska'*'® proposed

K=M/M,=1—-e¢ "% for t=1¢t, (1)

where K is the fractional modulus state of the
cure; M,, the fully cured or maximum modulus
value attained with increasing cure time; M, the
equilibrium modulus value at time ¢; k£, a curing
rate constant with dimensions of reciprocal time;
and ¢, the induction period or curing time before
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the modulus starts to increase significantly. The
dependence of the curing rate constant £ and the
induction period ¢, upon curing are correctly given
by the Arrhenious-type equation as

k :Ae—El/R(J — e(Sl—El/Z()) (2)

t() — BeEZ/R() — e(*S2+E2/29) (3)

where A and B are the dimensioned constants; E;
and E,, the activation energies associated with
the curing reaction and with the incipient cure
reaction, respectively; R, the general gas constant
(assumed equal to 2.0 cal mol * g~ '); 6, the abso-
lute temperature; and S; and S, also tempera-
ture-independent parameters.

Again, eq. (1) can be rearranged to give the
time, tfx, required to reach a fractional modulus
cure K at temperature 6 as

thzfoJr}%In(l—K)*1 (4)

where 0 = K = 1.

At the reference temperature 6,, the equivalent
time ¢x,. would be required to reach the same state
of cure K. Therefore,

tK,=t0r+klln<1—K>-1 (5)
So,
k
tKr = tOr + (tK - tO) }? (6)

Using eq. (3) and substituting 8 = 6., we obtain
to, = e(~SatEy/20,) @h)
From eqs. (7) and (3), we obtain
toto = e Ba/21/0,-1/0)] (8)
In a similar manner, we have
k, = eSiE/20) 9)
and

klk, = e (B1/2)(1/6,-1/6)] (10)

Thus, the equivalent time at reference tempera-
ture 6, becomes

tKr — toe[(EZ/Z)(l/b‘rfl/(J)]

¥ (tg — to)e! E/DWE-101 (17)

So, the equivalent cure time at reference tempera-
ture 6, can easily be calculated if the induction
period ¢, as well as the time ¢x are both known at
temperature 6.

EXPERIMENTAL

Materials

The EPDM rubber (Royalene 301 T : DCPD poly-
mer, nonstaining, from the Uniroyal Chemical
Co.) used had a Mooney viscosity ML 1 + 4
(125°C) of 40 and a specific gravity of 0.87. The E/
P ratio was 68/32. The polypropylene (PP) (EBI
0830 : IPCL, India) used has an MFT of 0.8. The
other compounding ingredients were from stan-
dard sources.

Blends Preparation and Compounding

The EPDM-PP blend formulations (Table I)
were used for the present work to determine the
state of the cure. The recipes differed only in the
dose of PP. The blends were prepared in three
stages: The mastication of EPDM was done in a
baby two-roll mill in its cold condition. PP was
then mixed at a temperature about 60°C (first
stage). The mix (EPDM/PP) was then passed
through a laboratory-size extruder at 180°C (sec-
ond stage). Finally, the blend was compounded
with other ingredients (zinc oxide, stearic acid,
sulfur, MBTS, and TMT) according to ISO 2393.

Rheometry

The cure characteristics for various blend com-
pounds were evaluated using a Monsanto rheome-
ter (R100) with a microdie and a 3° arc of oscilla-
tion at temperatures of 120, 130, 140, 150, 160,
170, 180, and 190°C, respectively, according to
ASTM standard D 2084-88. The different parame-
ters were determined from the rheographs of the
respective blend compounds.

RESULTS AND DISCUSSION

The rheometer is still an important instrument
for quality assurance in the rubber industry. Also,
the instrument was proposed for calculation of the
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Table I Formula for Experimental Compounds
Ingredients Gum A, A, Ag Ay A;
EPDM 100.00 100.00 100.00 100.00 100.00 100.00
PP 0 11.11 25.00 42.86 66.67 100.00
Zinc oxide 5.00 5.00 5.00 5.00 5.00 5.00
Stearic acid 1.20 1.20 1.20 1.20 1.20 1.20
Sulfur 2.00 2.00 2.00 2.00 2.00 2.00
MBTS 2.50 2.50 2.50 2.50 2.50 2.50
TMT 0.50 0.50 0.50 0.50 0.50 0.50
Total 111.20 122.31 136.20 154.06 177.87 211.20
EPDM:PP 100:0 90:10 80:20 70:30 60:40 50:50

state of the cure in rubber under variable time—
temperature conditions.'® The elastomeric char-
acteristics depend on the crosslink network devel-
oped during vulcanization. The present problem
on measuring the state of the cure in PP-filled
rubber has not been solved despite many stud-
ies.!* Since the value of the activation energy is
critical in performing practical operations such as
converting the cure time from one temperature

to another and for determining the curing effect
produced during the heating (or cooling) part of
the cure cycle, it is important to have some idea
of how the activation energy varies from the gum
to various blend systems.

Blends which contain an elastomer with a res-
inous thermoplastic are softened at higher tem-
peratures due to the melting of the thermoplastic
species. Also, there must be some form of interac-
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Figurel Fractional modulus cure curves of EPDM—PP blend compounds at different

curing temperatures.
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Table II Fractional Modulus Cure (Rheometric) Data for EPDM-PP Blend Compounds

at Different Temperatures

Temperature (°C)

120 130 140 150 160 170 180 190

Gum ¢, (min) 185 110 60 50 15 10 8 4
k x 10* 111 103 138 693 3465 3465 3465 6930

A ¢, (min) 185 110 60 50 15 10 8 4
k x 10* 156 103 138 693 1386 1732 3465 6930

A, t, (min) 184 112 63 48 15 10 8 4
k x 10* 111 154 138 693 1386 1732 3465 6930

Ay ¢, (min) 183 113 63 45 14 8 7 4
k x 10* 89 103 69 346 1109 1732 2079 6930

Ay ¢, (min) 160 95 60 40 12 8 6 4
k x 10* 446 154 346 346 485 693 3465 6930

Ay t, (min) 142 80 54 32 10 6 4 4
k x 10* 67 103 832 346 416 693 1732 6930

tion between the two phases.' The experimental
parameters obtained from the rheometer trace are
used to determine the effect of PP on the acceler-
ated sulfur cure of EPDM.

According to eq. (1), it is seen that the frac-
tional modulus K is dimensionless and takes on
values ranging from 0 to 1 as ¢ ranges from ¢, to
o, The fractional modulus cure curves of gum and
PP-filled compounds (gum, A, A;, As, Ay, As) at
different curing temperatures are shown in Fig-
ure 1. The values of ¢, and K as obtained from
Figure 1 are shown in Table II. As expected, the
induction periods become reduced significantly on
increasing the temperature in both the gum and
blend compounds. The result shows that the dif-
ference of the induction period between gum and
the 50% PP-filled compound gradually decreases
with increasing temperature (120-180°C) and
the difference is nil at temperature 190°C at
which the PP species melt almost completely.
Similarly, the curing rate constant £ has a de-
creasing tendency with increasing PP loading ex-
cept at 190°C, where the value (6930 x 10*) is
same as with the gum compound.

The activation energies E, and E, were evalu-
ated from the straight-line slope in the plots log
k vs. 1/0 and log ¢, vs. 1/0 (Figs. 2 and 3). The
values thus obtained are shown in Table III. The
values of S; and S, calculated from the E; and E,
values are also shown in Table III. The magni-
tudes of S; and S, have much significance because
these are related to the frequency of encounters
between two reactant molecules irrespective of
whether or not they posses sufficient energy to

form a crosslink.'® The energy of activation, E,
values for gum EPDM and EPDM-PP blend com-
pounds (7.11-11.17 Kcal/mol) are much lower
than normally obtained for conventional elasto-
mers'®!” (15-25 kcal/mol). A similar result (E
= 9.15 kcal/mol) was obtained by a Shawbury
curometer (Model Mark VI) for the gum EPDM
vulcanizate.’® This indicates that both gum and
blend compounds are very active in the presence
of a sulfur-accelerator system. Among the blends,
the result of the 30% PP blend (A;) is slightly
different (11.17 kcal/mol). This may be due to the
nonuniform distribution of the curing system in
the elastomer phases. The other results indicate
that the activation energy has not been signifi-
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Figure 2 Temperature-independent cure parameters
from the plot of log % vs. reciprocal absolute tempera-
ture.
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Figure 3 Temperature-independent cure parameters
from the plot of log ¢, vs. reciprocal absolute tempera-
ture.

cantly changed due to the blending of PP into the
EPDM compounds.

For rubber compounds, a single activation en-
ergy will be accurate for practical purposes.
Therefore, for all EPDM—-PP blend compounds
with the use of the sulfur-accelerator curing sys-
tem, a value of 9 kcal/mol for the activation en-
ergy will be sufficiently accurate.

The plot of the conversion factor vs. tempera-
ture for the activation energy of 9 kcal/mol and
an absolute reference temperature of 150°C de-
picted in Figure 4 shows that the line has a slight
curvature. This behavior indicates that the ratio
of the time-conversion factors of the EPDM—-PP
blend compounds corresponding to two tempera-
tures separated by 10°C (temperature coefficient
of vulcanization) will depend upon both the tem-
perature and the activation energy of the blend
curing systems. The present work shows almost
a similar activation energy for different EPDM—
PP blends. Thus, with the use of an average acti-
vation energy E, = 9 kcal/mol and a reference
temperature corresponding to 150°C, a constant
time conversion of about 1.3 per 10°C was shown
(Fig. 4).
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Figure4 Temperature conversion factor vs. tempera-
ture.

CONCLUSIONS

The present article relates to studies on selected
elastomer—plastomer poly blends like EPDM —PP
with special reference to formation of a network
of specific design, aimed at the establishment of
the state of the cure for practical application at
different temperatures.

The results indicate that due to the plastomer
present in the blend at various proportions, the
activation energies of the crosslinking reaction
have no significant change from the virgin elasto-
mer but that the induction period and curing rate
constant changes. This is evident from the fol-
lowing:

1. Activation energies of blend compounds
are within 7.11-11.17 kcal/mol, whereas
for gum, it is 8.85 kecal/mol.

2. No appreciable change of the induction pe-
riod up to 30% PP (A; compound) in the
temperature range 120-180°C, but in 40
and 50% PP (A, and As compounds), sig-
nificant changes are noticeable. At 190°C,

Table IIT Basic Temperature-independent Cure Parameters

Gum A1 A2 A3 A4 A5
E, (kcal/mol) 8.85 7.83 7.83 11.17 7.11 9.24
E; (kcal/mol) 9.67 9.06 9.31 9.31 9.31 9.17
S; (kcal/mol) —2.75 —-2.67 —2.67 —2.86 —-2.29 —-2.14
S, (kcal/mol) —3.86 -3.90 -3.90 -3.90 -3.81 -3.62
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it is same for all gum and PP-loaded com-
pounds. Almost similar results are ob-
tained for the curing rate constant.

3. A constant time conversion of 1.3 per 10°C
is found for the sulfur vulcanization of
EPDM-PP blends with a reference tem-
perature corresponding to 150°C.
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