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Abstract

The cure characteristics of EPDM compounds were investigated using of an oscillatory cure meter, namely, the rubber process analyzer (RPA
2000). Cure tests were conducted at different cure conditions and the effects of temperature, frequency and strain on the elastic (S’) and viscous (S”)
cure torque curves were studied. The results showed that the cure process was affected strongly by the changes in the test conditions. Increasing
temperature assisted the vulcanization which was indicated by the greater rate of cure and shorter cure time. It was found that with increasing cure
temperature, t  S” were approximately is the same them as real scorch time (tC10). As the cure frequency increased, scorch and cure time and the slope
of the elastic torque are not changed significantly and the percentage of cure att___S” decreases. With increasing strain, the elastic and viscous torques

increase and the nonlinearity effect was observed at the higher strain.

Keywords: EPDM (Ethylene propylene diene monomer rubber); Rubber process analyzer (RPA); Cure characteristics; Cure conditions

Introduction

Rheometers are the instruments which can determine the
cure characteristics of the rubber compounds [1,2]. Generally, in
these equipments, a certain shear strain is applied, and the torque
response of the material is measured. Conventional rheometers
include two-parallel-plate and cone-and-plate types which are
utilized to study the rheological and the cure properties of the
rubber compounds [1-7]. But in these instruments wall slip may
occur and the sample loading in the gap is not easy, affecting the

repeatability of the tests. In addition, the high viscosities of rubber
compounds may raise a number of difficulties. For these reasons,
it is necessary to develop specific measuring equipments. RPA
(rubber process analyzer) is a strain-controlled shear cone-and-
cone rheometer specifically designed for raw elastomers and
their compounds. It can be operated in rotation dynamic and
relaxation modes. Rheological characterizations of gum and rubber
compounds [8-10] and the cure behavior of compounds [11-13]
can be investigated using RPA.

0

Figure 1: Schematic of the RPA gap.

The reciprocal cone geometry of RPA can be seen in Figure
1 schematically. The values of a and R are equal to 0.125rad and
20.6mm respectively. The lower cone is moved with the rotational

angular of 6 which induces the shear strain (y) equal to. A torque
transducer at the upper cone measures the torque transmitted
through the sample from the lower cone. The rheological properties
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are measured from the viscoelastic response of the material. In the
dynamic mode of RPA, the applied sinusoidal shear strain and the
shear rate are given by the following equations, respectively. Where
is the maximum strain amplitude and is the frequency.

() =y sin(@r) €]
y(@i) =y, cos(wr) (2)

In the cure experiment, Cure torque response (S*) is divided to
the elastic (S’) and viscous (S”) parts by equation 3.

s* = (52452 (3)

The elastic torque response (S’) is in-phase with the applied
strain and the viscous torque response (S”) is 90° out-of-phase with
the applied strain. Figure 2 illustrates this relationship. In this study,
the cure tests were performed with a EPDM compound at different
cure conditions using RPA and the influences of temperature,
frequency and strain on the cure behavior were investigated. In all
cases, viscous and elastic cure torque curves, scorch time, and the
rate of cure were also evaluated.

Figure 2: Applied strain and torque responses in RPA.

Experimental
Material

To evaluate the effects of cure conditions, cure tests were
performed at different cure conditions with a compound based
on EPDM (Keltan 2340A) from DSM Co. and a conventional sulfur
curing system according to Table 1. The Compound was prepared
by mixing on two roll mill mixers with the friction ratio of 1.6:1
(Polymix 200L, Schwabenthan Co., Germany) by the rotor speed of
15rpm, for 20 minutes. Ingredients were added in order of rubber,
activators (Stearic Acid and ZnO), antioxidant (TMQ), CB and oil,
curing agent (sulfur) and accelerator (TBBS, TMTD). Finally, the
compound was sheeted on the mill and kept at room temperature
for 24hr before testing.

Table 1: Formulation of sample.

Materials Supplier Co. phr
EPDM DSM 100
Black (N330) Pars 50
Aro. Oil Behran 10
Zn0O Rangineh Pars 3
Stearic Acid Unichema int. 1.5
T™MQ Bayer 1
TBBS Bayer 1.25
Sulphur Rangineh Pars 2

Cure tests

The cure process can be characterized by functions such as
elastic and loss modulus. These functions can be obtained in a
dynamic test, from measuring the forces which developed by the
material when subjected to the oscillatory deformation of controlled
amplitude and frequency. In this work Rubber Process Analyzer
(RPA 2000) from Alpha technologies Co. (UK) was used. The effects
of temperature, frequency and strain on the cure characteristics
were investigated at various test conditions according to Table 2.

Table 2: RPA cure tests conditions.

Test Frequency (Hz) Strain (%) Temlzfé;t“re
Frequency
e 10.1,05,1.68,5,15 7 150
Strain Effect 1.68 0.7,7,14, 28,42 150
Temperature
Effect 168 7 150, 160, 170

Results and Discussion

Figure 3 shows the typical viscous cure curve (S”) along with the
corresponding elastic cure curve (S’) of a rubber compound versus
cure time. First, the viscous torque (S”) increases and reaches a
maximum amount. The rise in S” curve can be due to the formation
of polysulfide pendent groups between rubber and accelerator
during the induction step of the cure which can prevent the rubber
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chains mobility. After the peak, the viscous torque declines as the
cure process continues until reaches a constant value at the ultimate
state of cure. The time the maximum of §” occurs is named t__ S"
The elastic torque (S’) rises as the crosslink density increases and

reaches a plateau at the end of cure. From the slope of the S’ curve,
cure rate (K) can be calculated by the following equation. Here,
S’C10 and S’C90 are the elastic torque amounts at the times of tC10
and tC90, related to 10% and 90% conversion of cure respectively.

Cure Torque

s menTe
e tgmanta
avwnTeta
RPTTE L R

tmaxS"

Cure Time

Figure 3: Typical torque responses resulting from RPA cure test.
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Temperature

Figure 4 illustrates the S’and S” curves at different temperatures
of 150, 160 and 170 °C which were obtained at 1.68Hz frequency
and %7 strain. As expected, cure curves shift to the shorter times
with increasing temperature, and tmax S” decreases also. As the
temperature rising, formation of rubber-Sx-accelerator pendent
groups becomes faster, thust__S” decreases. But it should be noted

that as the crosslinks form along with the free branches, the pendent
groups is consumed faster than when it cures at low temperature.
Therefore, S” decreases with increasing the temperature. Figure
5 gives the calculated cure characteristics of cure curves at different
temperatures. Rate of cure increases while scorch and cure times
decrease as the cure temperature rises. At higher temperature,
excessive heat energy assists the vulcanization, thus, rate of cure
increases, and scorch time decreases. The conversion of cure (state
of cure) in the maximum of S” can be evaluated from the S’ curve by
the following equation.

25 2
Frequency : 1.68 Hz
Strain : 7%
» |
. —_— 145
15 1 BT ERITTY AL R o -
$ 1%
v )
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105
5 4
—$'(150) ——s'(160) ——§"(170)
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Figure 4: Influence of temperature on the cure torque curves.
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Figure 5: Cure characteristics at different temperatures.

_ S'(@tmax $")~S 'min

%S'(@ tmaxS") -

(5)

Figure 6 shows the correlation between t S and elastic
torque as the percentage of cure from the S’ curve at the (t _S").
At the lower temperature, t _ S” is almost the same as real scorch

[ [
S max =S min

time (tC10). With increasing the temperature, peak of S” is seemed
in the shorter time and higher conversion of cure. As discussed
before, both production and consumption of rubber-Sx-Acc bonds
occur faster at the higher temperature, consequently the crosslink
formation at S” _ is greater at higher temperature, hence the

conversion of cure at S” .
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Figure 6: State of cure at S”___for different cure temperatures.

Frequency

In this part, cure experiments were performed at different
selected oscillation frequency to study the effects of frequency on
the torque curves. The frequency was changed from 0.1 to 15Hz
at 150 °C temperature and %?7 strain. Figure 7 gives the S’ and S”
torque curves at different frequencies. When the cure oscillation
frequency increases, S’ and S” gradually increase. The differences
between torques reduce as the crosslink density increases. On the
other word, S’ and S” torque responses are less sensitive to changes
in frequency as the cure process is completed. It is in consequence

of the formation the crosslinks and more rigidity of the cured
compound that reduces the sensitivity to the frequency. Figure 8
shows the cure characteristics resulting from S’ and S” cure curves
at different frequencies. As the cure frequency increases, scorch
and cure time and the slope of the elastic torque are not changed
significantly. The added thermal energy to the cavity at higher
frequency is small at low strain and can be dissipated easily by
the RPA die design. It should be noted that at higher strains the
heat energy of increasing frequency could affect the scorch time
and cure rate. The percentage of S’ cure torque at t _S” versus
the oscillation frequency is illustrated in Figure 9. It can be
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observed that the percentage of cure att _S” decreases as the cure
frequency increases. At low frequency (low shear rate), the rubber

Copyright © Somayyeh Mohammadian Gezaz

chains have more time to response to the applied strain. Thus, more

frequency decreases.

damping (S” ) can be observed at higher conversion of cure as the

20 3.5
—§0.1) ——S'(0.5 —5'(1.68) —s'5) —5(15
o §%0) - S7(0.5) - ---S"(1.68) ----S"(5) - - -$°(15) |
Leamaean. -3
154"
£
E- L
o
5 4
o TO5
Temperature : 150 C
—_— Strain : 7%
)] T T T T T T T T T 0
L] 2 4 6 8 10 12 14 16 18 20
Time (min)
Figure 7: Variation of cure curves at different frequencies.
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Figure 8: Cure characteristics against the cure frequency.
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Figure 9: Changes in the state of cure at S”  _with the cure frequency.
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Figure 10: Cure torques against time at different strains.
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Figure 11: Cure characteristics versus cure strain.
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Figure 12: State of cure at S” _for different cure strains.
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To study the strain effects, cure tests were done at different
strains from 0.7% to 42% at 150 °C temperature and 1.68Hz
frequency. Figure 10 describes the effects of strain on the torque
curves. With increasing test strain, the elastic and viscous torques
(force X motion distance) values increase. For this compound at the
strain of 42% S” curve shows the nonlinearity effect. At the higher
amplitude than 14%, another increase in the S” cure curve was
observed because of the partial scission of the crosslinks which
results more damping in this region. Figure 11 shows the torque
characteristics obtained from the curves at different test strains.
Slope of the elastic torque rises obviously as the strain increases.
At a constant frequency, higher strain causes the higher shear rate
which increases the nonlinearity and torque because of motion
distance. As can be seen scorch time is not changed by the test strain
increasing. Meanwhile strain don’t affect on vulcanization process.
Figure 12 expresses that reduction in the strain causes increasing
in the conversion of cure at t _S” Considering the percentage of
cure at the §” peak, at low strains t _S” has a good equality with
the scorch time (tC10). As mentioned previously, with increasing
strain, the torques values and slope of the elastic torque increases.
Increase in the strain makes the greater thermal energy in sample
similar to increasing temperature. This observation is analogous to
that of the temperature effect as discussed before.

Conclusion

The rubber process analyzer (RPA) is a rotor less oscillatory
cure meter which is designed especially to measure the dynamic
properties of raw elastomers, uncured compounds and cured
compounds. In this work, cure tests were conducted with a
compound based on EPDM at different cure conditions using RPA
and the cure torque curves were analyzed. It was found that the
test conditions strongly affect the results. With increasing the
temperature, cure curves shift to the shorter times and t. S”

X

decreases. At the lower temperature, t _S” is nearly same as the
real scorch time (tC10). In addition, rate of cure increases, and cure
time decreases as the cure temperature rises. It means that the
increment in the cure temperature accelerates the vulcanization.
When the cure frequency rises, the scorch time and the cure rate
are not changed significantly but the percentage of cure at t__
S” decreases. With increasing the test strain, the S’ and S” torque
values increase, and the nonlinearity can be realized in the elastic

torque curve.
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