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Studying the non-Arrhenius behavior of rubber is crucial to ensure appropriate lifetime prediction and
reduce ineffective acceleration experiments. In this paper, accelerated thermal aging from 70 °C to 130 °
C is conducted on an ethylene propylene diene monomer (EPDM) rubber and the tensile characteristics
of the rubber are tested. Further, the popular Mooney—Rivlin equation is employed to analyze the

influence of aging temperature and time on the effective crosslink densities. The enormous increase in

the physical crosslinking density when the aging temperature reaches 115 °C demonstrates that the
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activation energy varied during the degradation process. By combining the Arrhenius extrapolation with

the time—temperature superposition (TTS) extrapolation, a novel method to prove the non-Arrhenius
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1. Introduction

Rubber materials are widely used in many applications owing to
their excellent mechanical properties. The most important
applications of rubber are in the manufacturing of tires, seals,
and vibration absorbers, and therefore, rubber materials are
exposed to a wide variety of environments. For most rubbers in
oxygen-containing environments, the mechanical strength is
greatly affected by oxidation, especially at relatively high
temperatures, which limits the service lifetime of rubbers.'”
Thus, long-term behavior prediction and evaluation of rubber
materials are key issues to ensure the safe use of rubber
components.

The lifetime prediction of rubber materials often requires
extrapolation of accelerated aging data.* The time-temperature
superposition (TTS) is a commonly used extrapolation method
for lifetime prediction of polymers.>® The TTS method indicates
that the material mechanical property values against ageing
time under different ageing temperatures can be shifted to
a selected reference temperature, Ty, by multiplying the times
appropriate to experiments at temperature T by a shift factor ay,
and ay = exp[E.(1/Twes — 1/T)/R],” where E, is the activation
energy, R the gas constant, and 7 the absolute temperature. Tief
is chosen as the lowest in the range of experimental
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behavior of EPDM rubber is provided. Based on the method proposed in this study, the activation
energies for the high- and low-temperature processing of rubber can be determined.

temperatures, and the shift factor a; is empirically chosen to
obtain the best superposition of the data for each temperature.
However, because this is an empirical method, even a small
difference in the shift factors may lead to significant deviation
in the predicted results of room-temperature lifetime. Thus, the
other extrapolation Arrhenius model, which is a theoretical
method, is used more widely.*** Nevertheless, many scholars
have suggested that the activation energy E, of an elastomer is
not constant over a wide temperature range, and there is
a transition temperature that results in changes in activation
energy,"”® ie., rubber exhibits non-Arrhenius behavior over
a wide temperature range. Gillen et al.™ found that, if the non-
Arrhenius behavior is ignored, the predicted results using the
Arrhenius extrapolation will differ by 20 times from the ultra-
sensitive oxygen consumption method. Chun et al.™ estimated
the lifetime of multilayer ceramic capacitors in the temperature
range between 55 °C and 85 °C, and they demonstrated that the
conventional lifetime estimation can be erroneous and
proposed that the non-Arrhenius behavior of the capacitor must
be considered. Blivet et al.’® reported that an Arrhenius devia-
tion at low temperatures can lead to large overestimations of
lifetime prediction. Byungwoo et al'” estimated fatigue life
values for various types of rubbers used in the tire sidewalls,
found that the Arrhenius equation fails to fit the test data, and
provided a modified Arrhenius equation.

Studying the non-Arrhenius behavior of rubber is crucial to
ensure the predicted lifetime. Therefore, many scholars have
begun to explore how to determine the non-Arrhenius behavior
of materials. The Arrhenius equation considers E, to be
a constant; however, when the aging temperature changes over
a wide range, the aging mechanism of the material will change;
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that is, the activation energy is no longer a constant. Thus, the
evidence of the non-Arrhenius behavior according to the
changes in their activation energy is popular. Celina et al®
reviewed the non-Arrhenius behavior of many types of rubbers
and provided a simple approach for dealing with curvature,
which was introduced to obtain E, in different temperature
ranges. Gillen et al.*® evidenced the non-Arrhenius behavior of
polychloroprene rubber materials using the ultra-sensitive
oxygen consumption approach, and a slow drop in E, from
96 kJ mol " above 80 °C to an average value of 82 k] mol " below
80 °C was observed. Zhang et al.™ estimated the change in
activation energy by linearly fitting the degradation rates versus
the inverse temperature relationship curve between every adja-
cent temperature.

In fact, during thermal aging, main-chain scission, crosslink
formation, and crosslink breakage can occur.*?* Besides, the
activation energy depends not only on the degree of crosslinking
but also on its type.”® According to the variation in the crosslink
density of rubbers with the aging temperature, changes in the
activation energy can be demonstrated. Therefore, we can deter-
mine the temperature at which the activation energy changes by
studying the crosslink densities of the aged rubber samples.

It is well known that the structure-property relationship can
be characterized by analyzing the tensile stress—strain curves,
which are commonly represented by the Mooney-Rivlin equa-
tion. The Mooney plot of the material in the small to moderate
stretch range is a straight line, and the crosslink density of the
material can be determined by the model parameters.> In this
study, we aged the ethylene propylene diene monomer (EPDM)
rubber over a wide temperature range (from 70 °C to 130 °C) and
then analyzed the influence of aging temperature and time on
the effective crosslink densities of the aged rubber using the
popular Mooney-Rivlin equation. Based on the variation in the
effective physical crosslink densities with the aging tempera-
ture, the temperature at which the activation energy changes
was determined, and the activation energies at low and high
temperatures were obtained. Finally, the derived activation
energies were substituted into the calculation equation of the
shift factor, and the shift results by the TTS were used to
confirm the results of our study.

2. Experimental details
2.1 Material and sample preparation

EPDM sheets with a thickness of 2 mm were provided by
Zhuzhou Times New Material Technology Co., Ltd, China. They
were punched into dumb-bell specimens for aging and tensile
tests. The specimen size is shown in Fig. 1. The main formu-
lation of the EPDM rubber compound is as follows: 100 phr
EPDM, 30 phrsilica, 10 phr zinc oxide, 2 phr stearic acid, 50 phr
aluminium hydroxide, 20 phr titanium dioxide, 8 phr paraffin
oil, 5 phr antioxidant, and 6.4 phr vulcanization activator. The
samples were prepared using a laboratory two-roll open mill
(XK-160) following a standard mixing procedure elaborated in
ASTM-D3192. All compounds were compressed into sheets
using a press vulcanizer (XLB-D) at 170 °C under 200 bar for
15 min.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Specimen size for the aging test (unit: mm).

2.2 Experiments

Thermal aging experiments were performed in a convection oven
under various combinations of aging time and temperature. The
conditions for thermal degradation are listed in Table 1. Three
specimens were tested under each aging condition. After reaching
the prescribed aging time, the specimens are shelved in air for 24
hours. Then, uniaxial tensile tests were carried out using an AGS-X
electronic testing machine at a loading rate of 200 mm min "
until the specimens are broken.

3. Results and discussion
3.1 Effect of thermal aging on tensile behavior

The stress-strain curves of the unaged and aged rubbers are
provided in the ESI data (Fig. S1}). The tensile strength and
ultimate elongation were chosen as the indexes to evaluate the
effect of thermal aging on the tensile behavior of rubber, as
shown in Fig. 2 and 3. It can be seen that the tensile strength
and ultimate elongation decrease as the aging process prog-
resses under different aging temperatures. Furthermore, when
the aging temperature is below 100 °C, both the tensile
strength and ultimate elongation decrease slowly with aging
time, whereas they decrease rapidly when the temperature
reaches 115 °C. The decrease in the tensile strength and ulti-
mate elongation with aging time approximates to an expo-
nential relationship. These results indicate that the
mechanical properties of rubber deteriorate in oxygen-
containing environments, especially under high-temperature
conditions.”®

3.2 Change in the crosslink density of EPDM during thermal
aging

Mooney-Rivlin (MR) equation is a popular approach to simply
parameterize the nonlinear stress-strain behavior, and it

Table 1 Accelerated degradation conditions for the rubber

composites

Aging temperature (°C) Aging time (days)

70 7, 14, 28, 56, 84
85 7,14, 28, 56, 84
100 7,14, 28, 56, 77
115 4,7,14, 28

130 4,7,14
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Fig. 3 Change in tensile strength with time.

provides information on the crosslink density.>»*® The relevant
MR equation for the uniaxial extension is as follows:

0:2(1—%)X(C1+%) (1)

g

m_Z(CI +%) (2)

where ¢ is the engineering stress, A is the stretch ratio, and C;
and C, are characteristic constants of the rubber material. By
plotting the reduced Mooney stress (ay;) against the reciprocal
1/2, shown in eqn (2), the apparent MR constants C; and C, can
be determined by linear regression in a range of small to
intermediate deformations, i.e., 0.5 < 1/A < 1.>” For our data, we
selected the value of 1/4 between 0.4 and 0.7 for discussion, as
in some previous works [see e.g. ref. 24].

C, is believed to be directly related to the physically effective
density N, of fixed network chains:*®

4C,

oM —

The total effective crosslink density N, can be determined as
follows:*®
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N, =
pRT

(4)
where R is the gas constant, T is the absolute temperature, and p
is the density of the EPDM rubber (0.86 g cm™3).

We selected the data from the stress-strain results in Fig. S1,}
which satisfies 0.5 < 1/A < 1 to plot the Mooney stress against the
reciprocal 1/, as shown in Fig. 4 (scatter data). Then, using eqn (2)
to fit the plots, the values for C; and C, were obtained, and Fig. 4
shows the fitting results. According to the fitting values of C; and
C, at different aging temperatures and times, the change in the
physical density of the network chains and the total effective
crosslink density caused by thermal aging can be calculated using
eqn (3) and (4), respectively. Fig. 5 shows the result of the crosslink
density affected by physical aging. It can be seen from Fig. 5a that
the physical crosslink densities of the aged rubbers at aging
temperatures of 70-100 °C are almost the same but increases
slightly compared with that of the unaged rubber. The average
physical crosslink density increases 0.36 mol kg™ after aging for
approximately 80 days at aging temperatures of 70-100 °C.
However, a significant increase in the physical crosslink density of
the aged rubber at aging temperatures of 115 °C and 130 °C is
observed. Even when the aging time is 14 days, the physical
crosslink density increases 0.72 mol kg~ * and 2.12 mol kg " at the
two aging temperatures, respectively. The influence of aging time
and temperature on the total effective crosslink density is shown
in Fig. 5b, which shows that the total effective crosslinking density
is not significantly affected by physical aging, and the maximum
increase is approximately 0.5 mol kg™ . It has been proved that the
activation energy depends not only on the degree of crosslinking
but also on its type.*® Thus, the enormous increase in physical
crosslinking density may lead to a change in the activation energy
of the aged EPDM rubber.

3.3 Evidence of the non-Arrhenius behavior using Arrhenius
and TTS extrapolations

During the thermo-oxidation aging process, the degradation
rate of an investigated property can be expressed using a Dakin-
type kinetic relation as follows:*®

@ k() )
where p represents the investigated property, ¢ is the aging time,
k(T) is the rate constant of degradation, which is a function of
temperature 7, and f{p) represents the function of the degree of
degradation.

The temperature dependence of the rate constant k(7) can be
described by the Arrhenius relation as follows:

k(T) = Ae™"/RT (6)

where A is the pre-exponential factor, E, is the activation energy,
R is the gas constant, and 7 is the temperature.

From Fig. 2 and 3, we can see that the decrease in the tensile
strength and ultimate elongation of the test materials caused by
thermal aging follows an exponential relation. Thus, the func-
tion of the degree of degradation can be written as follows:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Plots of Mooney stress versus inverse strain for EPDM samples
at different aging times and temperatures.

Hence, after substituting eqn (7) into (5) and integrating, the
following dependence of the investigated property on the aging

Sw)=p

time and aging temperature was obtained:
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Fig. 5 Results of (a) the physical crosslink density N, and (b) total
crosslink density N, from the Mooney-Rivlin equation.

p =poe” (8)

As we know, the elongation reaching 75% of its initial value
is usually chosen as a failure criterion in the engineering field.
Herein, we chose the ultimate elongation to construct the
method. The ultimate elongation is the investigated property
and the data are fitted in Fig. 2 using eqn (8). The fitting results
are shown in Fig. 6. The scatter data represent the test data, and
the lines represent the fitting curves. The coefficients of deter-
mination (R?) of the fitting curves at 70 °C, 85 °C, 100 °C, 115 °C,
and 130 °C are 0.87, 0.71, 0.89, 0.83, and 0.94, respectively. The
time ¢ to reach a certain amount of damage is defined as the
lifetime of the material. Combining eqn (6) and (8), the lifetime
can be obtained as follows:

log(ze) = 0.43 EaT +m 9)

R
where m is the fitting parameter. Using 75% of the original value
of ultimate elongation of unaged EPDM rubber as the failure
value of the material, the lifetime . for the elongation reaching
75% of the original value under different aging temperatures
can be calculated using the fitting functions of the curves in
Fig. 6. Fig. 7 shows the plot of the logarithm of the lifetime
versus 1000/T (the scatter points).

The effect of the aging temperature and time on the
crosslinking density of the aged rubber demonstrated
a change in the activation energy at the transition tempera-
ture of 100 °C. Therefore, we separated the experimental
temperatures into two ranges, one is 70-100 °C and the other
is 115-130 °C, and then fitted the data in the two different
temperature ranges in Fig. 7 using eqn (9). We obtained the
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3.2

results of the activation energy E,, where E, was 99.4 k] mol "
in the high-temperature range and 51.1 k] mol™ " in the low-
temperature range. The TTS was then implemented by
choosing 70 °C as the reference point and shifting the
remaining curves along the log aging time (f,4ing) axis. Herein,
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Fig. 8 Superposition of the ultimate elongation data at a reference

temperature of 70 °C using two E, values (51.1 kJ mol™ and
99.4 kJ mol™).
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Fig. 9 Superposition of the tensile strength data at a reference
temperature of 70 °C using two E, values (51.1 kJ mol™* and
99.4 kJ mol ™).

the shift factors were calculated using the equation “ar = exp
[Ea(1/Trer — 1/T)/R]” with the two different E, values deter-
mined by the curve fittings in different temperature ranges,
and the master curve of the ultimate elongation was obtained
(as shown in Fig. 8). The superposition is quite good; more-
over, the shift factors are used to achieve the superposition of
the tensile strength (as shown in Fig. 9). We assumed that the
activation energy in the range of experimental tests is
constant. From the average slope of the black dashed line
fitted using eqn (9), a global activation energy of 85.6 k] mol ™"
can be obtained, as shown in Fig. 7. The TTS was imple-
mented again with the same reference temperature of 70 °C,
while the shift factors were calculated using the E, value of
85.6 k] mol ™ '. The shifted result is shown in Fig. 10, which
shows that the data in the temperature range from 70 °C to
100 °C show good superposition; however, at higher temper-
atures, the data cannot overlap. This means that the master
curve cannot be obtained by the calculated shift factors with
a constant E, value of 85.6 k] mol™ . Thus, the EPDM in the
experimental temperature range presents the non-Arrhenius
behavior, and by combining the Arrhenius approach with
the TTS, the transition temperature and individual activation
energies can be obtained.
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Fig. 10 Superposition of the ultimate elongation data at a reference
temperature of 70 °C using global E, (85.6 kJ mol™?).
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4. Conclusions

Based on the tensile results of the unaged and aged rubbers, the
variation in the crosslink densities with the aging temperature
and time were investigated by the popular Mooney-Rivlin
equation. The enormous increase in the physical crosslink
density of the aged rubber beyond the aging temperature of
115 °C indicated a change in the activation energy of the EPDM
rubber. Choosing the aging temperature 100 °C as the transi-
tion temperature, by fitting the data in the two different
temperature ranges, i.e. 70-100 °C and 115-130 °C, the acti-
vated energies were found to be different in the two temperature
ranges, which are 99.4 k] mol ' in the high-temperature range
and 51.1 k] mol " in the low-temperature range.

TTS was adopted to construct the ultimate elongation and
tensile strength master curves. The shift results proved that
using the two different E, values determined in different
temperature ranges, the master curves of the ultimate elonga-
tion and tensile strength can be achieved, whereas with a global
E, value determined in the tested aging temperature range
without considering the change in activated energy, the master
curve cannot be obtained. By combining the Arrhenius extrap-
olation with the TTS extrapolation, we proposed a method to
demonstrate the non-Arrhenius degradation behavior of EPDM
rubbers. Based on the proposed method, the transition
temperature of the rubber, which results in a change in the
activation energy, was confirmed, and the activation energies
for the high- and low-temperature processes of the rubber
material were determined.
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