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Abstract

This work describes the thermal aging behavior of three industrial elastomeric
compounds based on styrene-butadiene rubber (SBR) reinforced with carbon
black. Samples were exposed to thermo-oxidative aging at temperatures rang-
ing from 70 to 120°C for durations between 14 and 365 days. The tensile and
hardness tests were performed on the samples to determine changes in their
mechanical properties. Upon aging, hardness and 100% modulus increased,
while elongation at break decreased for all three samples. The results showed
a significant decrease in elongation at break and an increase in hardness and
modulus with prolonged aging time and higher temperatures. For instance,
the elongation at break of the three types of samples decreased by approxi-
mately 50% in less than 90 days at 70°C, whereas at 120°C, this same level of
degradation occurred in less than 2 days. These significant changes were corre-
lated with increased brittleness and reduced flexibility of SBR composites.
Swelling tests confirmed an increase in crosslink density due to aging. Laser
scanning confocal microscopy revealed surface roughness and defects, attrib-
uted to oxidation, crosslinking, and the evaporation of low molecular weight
components. Lifetime prediction methods, including the Arrhenius equation
and time-temperature superposition (TTS), were applied to estimate the ser-
vice life of the materials. The Ahagon plot was utilized to understand the aging
mechanisms, revealing a transition from crosslinking-dominated degradation
to chain scission processes at higher temperatures and longer aging times.

Highlights

« Thermal aging makes SBR compounds more brittle and less flexible
over time.

« The hardness and stiffness of SBR compounds increase with aging tempera-
ture and time.

« Aging increases crosslink density, confirmed by swelling tests.
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1 | INTRODUCTION

Elastomers are indispensable in numerous industries
such as automotive, aerospace, and construction due to
their exceptional mechanical properties and their ability
to function for a wide range of temperatures, especially at
lower temperatures. To ensure that products made from
elastomers perform reliably and endure over time, it is
crucial to study how these materials handle dynamic and
static stresses and withstand harsh environmental condi-
tions. For example, exposure to high temperatures can
accelerate the aging process of elastomers, causing signif-
icant changes in their mechanical, physical, and chemical
properties.’

Styrene-butadiene rubber (SBR), created through the
copolymerization of styrene and butadiene, contains unsat-
urated bonds due to the butadiene component. This necessi-
tates the use of additives to protect it against oxygen, ozone,
and UV light. SBR is primarily used in the tire industry,
where it is blended with natural rubber (NR) and butadiene
rubber (BR). Other applications include molded rubber
parts, conveyor belts, and insulators.>

Several factors can contribute to the degradation of
materials, including the substances they come into con-
tact with, environmental conditions, and operating tem-
peratures. Due to the significant impact of these factors,
many studies have been dedicated to understanding how
they influence material performance and longevity.””’
The degradation of elastomers is also a critical issue as it
leads to the deterioration of their essential properties.
This degradation process can be used to predict the mate-
rials' lifespan. Therefore, understanding the thermal
aging behavior of elastomeric compounds is essential for
predicting their service life and ensuring the reliability of
products that incorporate these materials.’

As a consequence, during the past 2 years, several
works have been done to study and improve the aging
properties of the different elastomers.*'* Some studies
have explored the effects of thermo-oxidative aging on the
mechanical and chemical properties of SBR rubber,***
revulcanized SBR,'® and its thermal properties.'” Addition-
ally, the aging mechanism of SBR has been investigated
using in situ thermal aging with 2D-FTIR equipment.'>'®

« Increased surface roughness and defects due to oxidation and crosslinking.
« The aging mechanism shifts from crosslinking to chain scission at higher

lifetime prediction, mechanical property degradation, styrene-butadiene rubber, thermal
aging, time-temperature superposition

The comparison of SBR and nitrile rubber (NBR) compos-
ites showed that NBR demonstrated superior thermal resis-
tance compared to SBR in terms of lifetime prediction."**
For SBR and NBR rubber compounds, it was reported that
gum vulcanizates have less change in 300% modulus than
loaded samples upon aging, and the change intensified as
carbon black (CB) content increased. This was related to
the possible CB acceleration role of oxygen uptake in
sulfur-cured rubber that caused faster rubber degradation
and reduced stability.?* However, other works reported that
the carbon black did not affect the thermal aging process of
NR*' and polychloroprene rubber’? compounds as the
mechanical properties are directly influenced by the matrix
network as it undergoes aging.”* On the contrary, the
increase in accelerator level was seen to have a positive
effect on maintaining mechanical properties. It was related
to the increase in disulfide and monosulfide content upon
accelerated crosslinking that can enhance the thermal resis-
tance of the rubber.”!

In a recent study, the variation of carbon black
(CB) levels effect on the properties of polychloroprene rub-
ber, specifically through oxidative aging at 80°C in the air
with CB concentrations ranging from 10 to 45 parts per
hundred rubber (phr) was studied. Findings showed that
the crosslinking behavior remained stable for different
filler levels, and the mechanical properties are directly
influenced by the matrix network as it undergoes aging.*
Verifying the durability of these materials for specific
applications is essential, especially since end-users often
do not have access to the exact formulations of rubber
compounds provided by suppliers." For instance, there are
some articles on the prediction of the lifetime of commer-
cial rubbers, such as O-ring seals,”* *® rubber insulators of
cables used in nuclear power plants**>' and polymeric
binders in solid propellants.**® Due to this importance,
the elastomer service life of elastomeric materials has been
studied in our previous articles."*”**

In our previous article, the effect of additives on the
aging behavior of different elastomers as well as the
methodologies to predict the lifetime of elastomers
were reviewed.”” The study aims to investigate the
thermal aging behavior of three industrial elastomeric
compounds. Characterization tests have shown that
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TAB L E 1 The compositions of Composition E A P
materials.
Organic part (%) 521 +0.2 51.1+0.2 54.3 +0.2
Extractable low molecule weight materials (%)* 9.1+0.2 6.9 + 0.2 5+0.2
Carbon black (CB) (%) 31.1 £ 0.2 36.8 +£ 0.2 36.1 +£ 0.2
Inorganic filler (%) 7.7+ 0.2 52+0.2 4.6 + 0.2

#Using TGA (confirmed by acetone extraction).

these compounds are based on SBR containing carbon
black. Our goal is to analyze the changes in mechanical
properties, physical characteristics, and microstruc-
tural properties of these compounds due to thermal
exposure. Finally, two methods, the Arrhenius method
and time-temperature superposition (TTS), were uti-
lized to predict the material's lifetime. The findings will
improve our understanding of the thermal aging mech-
anisms in elastomers and assist in the design and selec-
tion of materials for various industrial applications.

2 | EXPERIMENTAL

2.1 | Materials

Three types of industrial samples based on elastomeric
compounds were used in this study. These materials
were industrial elastomeric parts functioning in the
electrical networks. The difference between them is
their application. As the materials were required to
serve in their application for the intended period, these
materials became the research subject of this paper.
Upon the preliminary part of the project, an attempt
was made to characterize them using reverse engineer-
ing. The codes and compositions of materials are tabu-
lated in Table 1. The results of Fourier-transform
infrared spectroscopy (FTIR) demonstrated that they
were based on SBR as the polymer matrix. To find out
the percentages of additives, thermogravimetric analy-
sis (TGA) was used.

2.2 | Thermal aging procedure

The samples were subjected to controlled thermal aging
in a high-temperature oven. Various aging temperatures,
ranging from 70 to 120°C, and durations were chosen to
simulate accelerated aging conditions. The accelerated
thermal aging process was performed following the ISO
11346 standard. The samples were periodically removed
from the oven at predetermined intervals, cooled to room
temperature, and then subjected to mechanical and
microstructural analysis. At each interval, six samples

were removed from the oven and tested, and the average
of six repetitions was considered as the result. The
methodology of accelerated thermal aging is depicted
in Figure 1. To compare the change of the properties
during the accelerated thermal aging time, the normal-
ized property can be used to have a much better under-
standing of the change. The normalized property is
defined as follows:

p
Normalized property = }% x 100 (1)
0

In which, P, is the property at the given aging time
and Py is the property for the unaged sample.

2.3 | Microstructural analysis
Microstructural changes in the compounds were exam-
ined using a high-resolution laser scanning confocal
microscope (LCSM) (Keyence VK-X1000, Japan). The
microscope employs a 404 nm violet laser and has a
Z-axis resolution of 5 nm. The images were captured at
various magnifications to analyze the formation of surface
irregularities including roughness, microcracks, voids, and
surface defects.

2.4 | Mechanical analysis

To assess the tensile characteristics of the specimens,
the Instron 4201 machine from Instron, USA, was
employed, and the examination followed the guidelines
outlined in the ASTM D 412 standard. Based on the
standard, the rate of grip movement was 500 mm/min.
The hardness of the vulcanizates was measured accord-
ing to ASTM D2240 using a Shore A hardness tester
(Bareiss, Germany) by layering four sheets together.
The mechanical properties of the elastomeric compounds,
including tensile strength, elongation at break, and hard-
ness, were evaluated using standard testing procedures.
The measurements were performed at regular intervals
during the accelerated thermal aging process to monitor
changes in mechanical properties.
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Methodology of accelerated thermal aging; The samples were subjected to controlled thermal aging at various temperatures,

ranging from 70 to 120°C. Testing was conducted at regular intervals, with six samples evaluated at each time point.

2.5 | Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed on a
PerkinElmer TGA 8000 (USA) under N, atmosphere
from ambient temperature up to 750°C with a heating
rate of 10°C/min.

2.6 | Swelling test
The swelling test is conducted on samples in line with
ISO 1817 to evaluate the cross-link density of the sam-
ples. Toluene is used as the swelling solvent. Initially, the
initial weight of the samples (w;) is measured. Then the
samples are immersed into toluene over 72 h at room
temperature. After the swelling period, the samples are
taken out and any excess solvent is removed using filter
paper. The weight of the swollen samples (w;) is then
measured. Finally, the samples are dried by oven drying
at 70°C for 2 h to achieve the dry weight (wg). Once
dried, the weight of the dried samples is recorded, and
the rubber's volume fraction (v;) is then calculated using
the following equation:
e (1 = @
Pt Wq
where p, represents the density of the rubber, and p;
refers to the density of toluene. wy is the weight of the
swollen sample, while wy is the weight of the dried
rubber sample. Finally, the cross-link density of

the rubber samples is determined using the Flory-
Rehner equation:

1 In(l—v)+v 2
Pc=—5X ( lr)"‘ b (3)
PATS vz —0.5v;

where p. represents the cross-link density of the rubber
sample in mol/g, while v, indicates the volume fraction
of the rubber. v, refers to the molar volume of the solvent,
with a value of 106.36 cm>/mol, and y stands for the
rubber-solvent interaction parameter for sulfur-cured
SBR and toluene, which is calculated to be 0.42 on aver-
age within the cross-link density range under study.*

To calculate the swelling ratio, the following equation
was used:

(ws —w)

Swelling (%) = x 100 (4)

where the w; and wy are the weights of the initial and the
swollen rubber, respectively.

2.7 | Lifetime prediction

To predict the service lifetime, the Arrhenius equation
and TTS were used. The Arrhenius method for acceler-
ated aging involves monitoring the property of an elasto-
mer at various temperatures over time to determine its
failure point—such as when it retains only 50% of
its original properties. By plotting the logarithm of the
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property against the reciprocal of temperature, one can
extrapolate and predict the elastomer's service life." The
Arrhenius equation used for this purpose is as follows*:

t=A x el ~E/RT) (5)

where f represents the time to reach a 50% change of the
property, A is the pre-exponential factor, E,, R, and
T represent the activation energy in kJ/mol, the universal
gas constant 8.314 J/(mol K), and the absolute tempera-
ture in kelvin, respectively.

Another approach used in the study was the TTS,
where data from each temperature level is shifted along
the time (X) axis to align with the data at a reference tem-
perature. This involves adjusting each curve so that the
endpoint of one aligns with the starting point of the next
temperature curve. Repeating this process for all temper-
ature datasets generates the TTS curve.

3 | RESULTS AND DISCUSSION

3.1 | Microstructural analysis

The results of microscopy images of unaged and highest
time, 18 days, aged at 100°C and their corresponding 3d
surface for sample E were shown in Figure 2. The micros-
copy of samples’ surfaces before aging demonstrated that
samples’ surfaces were smooth and continuous As it is
visible by zooming in the area under the test, this condi-
tion is much more visible. However, the microscopy of
the samples’ surfaces after aging of samples showed that
the samples showed a rough surface after aging with

41.13um

32

24

FIGURE 2 Microscopy images of
(A) unaged and (B) 18 days aged at 0 um
100°C and their corresponding 3d
surface (C) and (D) for sample E.

-~ J— POLYMER 5
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some round roughness produced by the accelerated ther-
mal aging. With zooming in closer to the samples’ sur-
face, these images also clarified the higher roughness as
well as the less continuous surface. As can be seen, the
surface of the SBR composites became much rougher
upon aging. This was a consequence of losing the low
molecular weight upon aging, as well as the formation of
agglomerations of fillers.*"**

For comparing the data obtained from microscopy,
the roughness information of the surface of unaged and
highest time aged at 100°C for E, P, and A samples are
tabulated in Table 2. The arithmetical mean height (S,)
measures how much each point on a surface deviates
from the average surface height. This parameter is com-
monly used to assess surface roughness. Maximum
height (S,) represents the combined value of the highest
peak and the deepest hole within a specified area. As it
can be seen for each sample, the higher S, and S, were
obtained after aging, which means the formation of peaks
with higher intensity upon this treatment can be due to
evaporation of waxes and degradation of the surface. As
observed, the highest change in S, occurred in the order
of E, A, and P. This trend correlates with the amount of
low molecular weight materials in the samples, which
was higher in the same order (E, A, and P), as confirmed
by the TGA results.

3.2 | Mechanical properties

The stress-strain curves of tensile tests of samples are
shown in Figure 3A-F. To reduce the number of images,
since for the other temperatures between 70 and 120°C a
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TABLE 2 The roughness information of the surface of the
samples.
Sample Sa (pm) S, (nm)
E 2.61 + 0.05 35.17 £ 0.50
E-aged 100°C-18 days 7.19 + 0.20 86.81 + 2.10
P 2.98 + 0.05 40.51 + 0.50
P-aged 100°C-18 days 3.49 + 0.10 52.56 + 1.24
A 1.89 + 0.05 30.84 + 0.50
A-aged 100°C-18 days 4.07 + 0.20 89.89 + 1.22

similar trend was observed, they were not shown here.
The results revealed a significant decline in the elonga-
tion at the break of the elastomeric compounds with
increasing aging time and temperature, indicating
increased brittleness and reduced flexibility. Additionally,
the rate of change in tensile properties was higher in the
samples aged at higher temperatures, a trend consistent
for all three elastomers. For example, to achieve the same
change seen for 1 day at 120°C, the samples should be
aged about 44 days at 70°C. This behavior was also
reported for SBR,'*** silicone rubber,* polychloroprene
rubbers (CR),*> EPDM,*® and HNBR.*7*®

However, the change of tensile strength with aging
time and temperature varied among the three types of
compounds. For samples E and A, the effect of time
of thermal aging on the tensile strength was not high
at the given temperatures. Conversely, sample P exhib-
ited a gradual decrease in tensile strength with aging
time for all tested temperatures, indicating a loss of
load-bearing capability. This was much more pro-
nounced for higher temperatures as there was a sharp
reduction in tensile stress for the P sample aged at
120°C (Figure 3A-F). These differences in the com-
pounds’ responses can be attributed to the type and
percentage of protective ingredients used in their for-
mulations and the variations in their initial crosslink
density, which could cause a much ratio of chain
scission/cross-linking. It has been reported that the
higher amount of accelerators had a positive effect on
the thermal aging of NR compounds by affecting the
crosslink structure.?! Furthermore, it has also been
reported that the types and the percentage of three
types of plasticizers, liquid butadiene (LB); paraffinic
oil (PO); and polyethylene wax (PW) had a significant
influence on the results of thermal aging of EPDM/CB
compound.*’

The normalized elongation at break and the 100%
modulus versus aging time for different temperatures
from 70 to 120°C were shown in Figure 4A-F. The elon-
gation at break significantly reduced with increasing

aging time. The reduction was more pronounced for sam-
ples aged at higher temperatures. In other words, the
elongation at break reached a given normalized value
sooner. The overall trend for elongation at break was the
same for all three samples as it was governed mostly by
the base of the polymeric matrix, which was the same for
the three compounds. In other words, although there
would be a loss of low molecular weight samples in the
system, the elongation at break is significantly influenced
by changes in the polymer matrix during aging; as cross-
link density increases, SBR composites’ extensibility
decreases, and its rigidity increases. A nearly the same
trend of the elongation at break reduction with thermo-
oxidative aging was also seen for NBR,”® EPDM,*"*
SBR,'*'* revulcanized SBR,'® and fluorocarbon elasto-
mer’' which was related to the domination of the cross-
linking reaction over the chain scission reaction upon
thermo-oxidative aging.**

The overall trend for 100% modulus, stress at 100%
elongation, upon aging time for the given temperatures
was ascending as it was depicted in Figure 4A-F. Mean-
while, higher temperatures cause a much higher increase
in the 100% modulus. It can be due to the increase in the
crosslink density of polymer and the loss of low molecu-
lar weight samples in the system. It should be noted that
for samples aged at elevated temperatures and/or for long
durations, the 100% modulus could not be calculated
because SBR composites became so brittle that they
broke before reaching 100% strain. As a result, some data
points for 100% modulus were not available in the figure. In
addition, the change of 100% modulus was as E> A > P
sample; this could be due to having the same order of low
molecular weight material in the system and the types of
protective additives used in their productions. An increase
in modulus upon aging also was seen by other authors for
butyl rubber.’

To ensure the minimum thickness required for the
hardness test, four pieces of each sample were stacked
for each sample, and five repetitions were carried out
on the samples, with the median value selected as the
result. To have a better comparison of the changes in
the samples upon aging, the normalized hardness ver-
sus aging time for the different temperatures men-
tioned was represented in Figure 5. The hardening is
more pronounced in the initial stages of aging, gradu-
ally slowing down as time progresses. A similar trend
is observed in fluorocarbon elastomer,’’ and EPDM.*'
In addition, the trend observed in the 100% modulus
with aging time was similarly reflected in the hardness
test results. As the accelerated thermal aging tempera-
ture increased, the hardness values gradually rose,
with a more pronounced rate of increase at higher
temperatures. This increase in hardness indicates
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FIGURE 3 The stress—strain curves of tensile tests of the samples before and after aging for the lowest and highest temperatures under
test at different times for: (A, B) E, (C, D) P, and (E, F) A samples.

greater stiffness in the compounds, likely due to cross-
linking and the loss of low molecular weight materials
not attached to the primary structure.

Overall, temperature plays a crucial role in this process.
For instance, although 1 year at 70°C was required to achieve
a 30%-40% change in 100% modulus for P, A, and E,
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FIGURE 4 The normalized elongation at break and the 100% modulus versus aging time for the different temperatures: (A) 70, (B) 80,

(C) 90, (D) 100, (E) 110, and (F) 120°C.

respectively, it took only about 8 days to reach the same
change at 80°C. The hardening effect upon aging was also
reported by others for fluorocarbon elastomer,” NBR,** and
EPDM.*

For sample E, the changes in hardness were more
significant compared to the other samples. This could be

attributed to a higher proportion of unattached low
molecular weight materials in its structure, which were
prone to evaporation over time, leading to a more
intense increase in hardness and 100% modulus. The
other reason could be having a lower ratio of chain
scission/cross-linking formation.
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FIGURE 5 The normalized hardness versus aging time for the different temperatures: (A) 70, (B) 80, (C) 90, (D) 100, (E) 110, and

(F) 120°C (some data points have been omitted for clarity).

In contr

for all temperatures from 100°C onward. Based on TGA

results, the

ast, sample P exhibited less change in hardness

reason for the reduced change may be the

lower percentage and the slower evaporation rate of the
low molecular weight materials in its formulation, result-
ing in less migration to the surface and/or evaporation at
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TABLE 3 The results of the analysis of the change in network structure for the samples.

Temperature and Weight Dimension Normalized weight
Sample time of aging swelling (%) swelling (%) swelling (%) pe (x10~* mol/cm?)
E Original sample 162.3 £ 0.3 203.9+£0.9 100.0 £ 0.2 1.3+0.1
70°C-88 days 1154 + 0.3 135.6 + 3.0 711+ 0.2 27+0.1
120°C-1 day 143.0 £ 0.4 173.7 £ 2.7 88.1 +£0.2 19+0.1
P Original sample 160.3 + 0.6 208.5 + 2.0 100 + 0.4 1.6 £ 0.1
70°C-88 days 118.6 + 0.4 156.3 + 0.6 74.0 £ 0.1 2.7+0.1
120°C-1 day 1252 £ 0.1 158.6 + 0.8 78.1 £ 0.1 24 +0.1
A Original sample 1344 + 0.1 165.8 + 0.1 100 £ 0.1 1.9+0.1
70°C-88 days 101.1 £ 0.4 1229 + 3.1 752+ 0.4 34+0.1
120°C-1 day 117.9 + 0.6 148.6 + 2.9 87.8 £ 0.5 26+0.1

those temperatures. The reduced presence of low molecular
weight materials means less evaporation, less material loss,
and ultimately less change in the properties. It was seen that
the weight reduction of P, A, and E upon aging for 1 day at
120°C was 1.83%, 4.20%, and 5.81%, respectively.

3.3 | Network structure analysis

To analyze the change in network structure, crosslink den-
sity, and the percentage of low molecular weight, the sam-
ples retaining nearly 50% elongation at break at different
aging temperatures were cut to nearly the same dimensions,
and they were immersed in toluene solvent. The results of
the analysis of the change in network structure for the sam-
ples were tabulated in Table 3. As it is visible, the weight
and dimension swelling reduced, so the calculated cross-
link density increased upon aging of the samples. For exam-
ple, in sample E, the weight and dimension swelling ratio
of elastomer dropped from about 162 and 203 to about
115 and 135 for the sample aged at 70°C for 88 days, respec-
tively. As it is shown, in normalized weight swelling, the
weight swelling became about 71% of that of the original
samples. These changes revealed that the aged samples had
less capacity to absorb the solvent in their structure, and it
is due to their higher crosslink density, which is about two-
fold that of the original samples, which is also tabulated in
the table. The latter was due to the excess crosslinks pro-
duced upon the thermal aging. The increase in crosslink
density and reduction in swelling percentage upon aging
was also reported for SBR'*'* CR,”* and EPDM.*

3.4 | TGA results

TGA and weight loss rate (DTG) profiles of all the sam-
ples in the N, atmosphere are shown in Figure 6A,B,
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FIGURE 6 (A)TGA and (B) DTG curves for the materials in
the N, atmosphere.

respectively. The materials exhibit two distinct mass loss
steps. The first occurs between 200 and 400°C, likely due
to the evaporation of low molecular weight components
such as plasticizers, oils, and waxes. The second step,
observed between 400 and 500°C, corresponds to polymer
degradation.”* There is a distinctive difference between
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the thermal decomposition behavior of three SBR-based
samples, especially in the first step. As observed from the
TGA curve, the thermal stability of the samples increases in
the order: E, A, and P, as it is visible in the inset image of
Figure 6A. It is an indication of higher low molecular mate-
rials that it has in its structure. In addition, it is seen that
the residual of the samples was not the same for unaged
samples, and as calculated and reported in Table 1, the per-
centage of carbon black was not the same for the samples.
It has been reported that both mass loss steps can also be
influenced by the amount of carbon black present. Hence,
it can also be considered an important affecting factor on
the thermal stability of the materials.>*

The corresponding DTG of the sample showed three
peaks, in which the peaks are much more intense, which
correspond to the highest material degradation in the
order: E, A, and P. Each degradation peak happened
because of different component degradations. The lower
temperature degradations can be related to the degrada-
tion of low molecular weight materials that do not with-
stand higher temperatures and therefore decompose at
lower temperatures. Based on the analysis, sample E has
the highest amount of low molecular weight in its sys-
tem, followed by A and P samples, respectively.

For the aged samples, it was observed that the first step
of degradation had nearly disappeared. Additionally, the
materials exhibited higher thermal stability, as evidenced
by increased T10% values and higher residual mass. It was
also reported in another work, and it was related to limited
oxygen diffusion due to the increased network density."”
However, it is important to account for the evaporation of
certain components during the aging process, as observed in
some samples by comparing their weights before and after
aging. This evaporation likely contributed to the increased
thermal stability and residual mass. The reduction in low
molecular weight components due to evaporation resulted
in a relatively higher proportion of more stable components.

The DTG results further showed that the two initial
peaks at lower temperatures either disappeared or became
less pronounced, forming a shoulder. This indicates that a
portion of the material originally present no longer exists
in the aged samples. Similar findings, such as lower DTG
peaks and T« after aging, have also been reported for
SBR in another work and attributed to structural modifica-
tions caused by thermal aging, including the formation of
macromolecular radicals and oxygenated species which
are weak points."”

3.5 | Lifetime prediction

The Arrhenius method can be used to predict the lifetime
of material at other temperatures. The time to reach the

PROFEssIONALS AND SCIENCE

criteria of a 50% reduction in normalized elongation at
break was considered the degradation time to predict the
service time of the samples. To obtain the time needed to
reach a 50% reduction in elongation at break and a 50%
augmentation in 100% modulus, extrapolation was done to
the data obtained for the normalized elongation at break
and 100% modulus, which were depicted in Figure 4.

Then, the curve of Ln(¢) versus 1/T for ¢ at which 50%
of reduction in elongation at break and 100% modulus
were depicted in Figure 7. Based on ISO 11346, the highest
temperature should be chosen to ensure that the time
required to meet the criteria is at least 100 h. For tempera-
tures higher than 100°C, the samples degrade faster than
100 h; therefore, the data were not suitable to be used for
lifetime prediction. Therefore, we have used 70-100 and
also 70-120°C to find out their effects on the lifetime
prediction.

The data and equation obtained from fitting the curve
of Ln(t) as a function of 1/T, where t represents the time
at which a 50% change in either elongation at break or
100% modulus was recorded, are presented in Table 4. To
calculate the parameters and prediction of the life, Origin
2019 software was used in this work. As can be seen, the
absolute value of activation energy and lifetime were
higher in order of P, E, and A, respectively, for both tem-
perature ranges of 100% modulus and the temperature
range of 70-120°C for elongation at break. However, for
elongation at break within the range of 70-100°C, the
values were nearly identical. Furthermore, the lifetimes
obtained from elongation at break and 100% modulus
were not the same, which was reasonable since their
rates of change with temperature differ.

In the literature, it is mentioned that in the acceler-
ated degradation of polymer and rubber, the degrada-
tion can be affected by diffusion-limited oxidation
(DLO). DLO means that oxygen diffusion is limited
upon thermal aging. This leads to the heterogeneous
oxidation phenomenon, adding to the complexity of
the aging process. This effect becomes more pro-
nounced with increasing thermal aging temperature
and sample thickness.’>® However, in this work, for
both properties across both temperature ranges, the R*
values were high, and the data followed the Arrhenius
equation. This could be due to the excessive thickness
of the samples, which was sufficient to prevent hetero-
geneous degradation caused by the DLO effect. Mean-
while, it is also evident that altering the temperature
range in the Arrhenius methodology can significantly
impact the predicted lifetime. This is because the meth-
odology relies on a single data point for each tempera-
ture, making it less reliable.

Another methodology that can be used to predict the
lifetime of the elastomers is TTS. As the elongation at
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break is well established that it can produce much better
lifetime prediction,”” only elongation at break data were
used for been estimated by this method. To apply the
methodology, first, the curves of the normalized elon-
gation at break versus the accelerated thermal aging
time must be plotted for all the temperatures under
study as depicted in Figure 8. Then, the data should be
shifted in time axe using an empirical shifting factor so
that the data obtained from each temperature super-
pose on each other, Figure 8. Once the shifted factors
are found, the logarithmic plot of shifting factors
versus the inverse of their corresponding temperature
ranged from 70 to 120°C can be traced as in Figure 9.
By fitting the curve using the linear curve fitting
method, the equation can be calculated as well as acti-
vation energy. Therefore, the shifting factor in the
other temperatures can be extrapolated. Having the
shifting factor, the TTS curve could be plotted at

the desired temperature using the data from 70 to
120°C, Figure 9. With that, the time in which 50% of
the change in the elongation at break is predicted to
happen can be calculated.

At temperatures above 100°C, the samples degrade
too quickly, less than 100 h, making the data unsuita-
ble for lifetime prediction according to ISO 11346.
The logarithmic plot of shifting factors versus the
inverse of their corresponding temperature and the
TTS curve could also be plotted for 70-100°C, as shown
in Figure 10. As the slope of the prediction line for the
plot of shifting factors versus the inverse of their corre-
sponding temperature is different for the temperature
range of 70-100°C in comparison with that of
70-120°C, the ambient temperature shift factors
obtained for 23°C from these two temperature ranges
were also different from each other. Consequently, the
prediction time would also be different.
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TABLE 4 The equations were obtained by fitting the equation of the curve of Ln(¢) versus 1/T.

y = a + bxx, where Yis Ln(f) and Xis 1/T

Property Temperature ranged used Equation
P E A
Elongation at break 70-120°C a —27.2 —27.2 —26.0
b 10,843 10,773 10,380
Adj. R? 0.995 0.997 0.994
E, —90.2 —89.6 —86.3
Lifetime at 23°C (years) 34 26 23
Elongation at break 70-100°C a —254 —26.8 —26.6
b 10,200 10,631 10,599
Adj. R? 0.989 0.991 0.985
E, —84.8 —88.4 —88.1
Lifetime at 23°C (years) 24 24 26
100% modulus 70-120°C a —26.4 —25.4 —23.56
b 10,283 9700 9103
Adj. R? 0.989 0.988 0.989
E, —85.5 —80.6 —75.7
Lifetime at 23°C (years) 11 5 4
100% modulus 70-100°C a —254 —27.6 —24.5
b 9905 10,507 9443
Adj. R? 0.981 0.989 0.951
E, —82.4 —87.4 —178.5
Lifetime at 23°C (years) 9 7 4

The equations obtained from fitting the TTS curves
are presented in Table 5. As can be seen, the equation
obtained for 70-100°C was less complex in comparison to
that of 70-130°C. It could be related to the fact that for
higher temperatures other mechanisms of degradation
like chain scission intervened and made the data and
their prediction much more complex. It should be
noted that three-phase and two-phase exponential
decay functions were estimated for all samples, consid-
ering the temperature ranges of 70-120 and 70-100°C,
respectively. Adjusted R* (Adj. R?) for all samples con-
sidering 70-120 and for 70-100°C was higher than
0.991 and 0.983, respectively. In terms of lifetime pre-
diction, it was observed that the temperature range did
not significantly affect the predictions, and the life-
times obtained for each material were distinctly differ-
ent. This may be attributed to the fact that this method
utilizes all the data points obtained for each tempera-
ture. Therefore, it seems that the TTS method is much
more reliable than the Arrhenius method to predict
lifetime. The highest lifetimes were observed in the
order of P, A, and E. However, these predictions pro-
vide valuable insight into the long-term stability of the
materials; it is important to acknowledge the inherent

uncertainties in such estimations. Factors such as
environmental variations, mechanical stresses, and
potential deviations from the assumed degradation
mechanisms could influence actual service lifetimes.
Additionally, the extrapolation process assumes that
the degradation kinetics observed in accelerated con-
ditions remain consistent over extended periods,
which may not fully capture real-world aging effects.
Therefore, while the predicted lifetimes serve as reason-
able projections, they should be interpreted as indicative
estimates rather than absolute values. Future studies
incorporating real-time aging data and broader environ-
mental conditions would further validate and refine these
predictions.

To wrap up the results, it should be noted that the
aging mechanism of the SBR-based elastomeric sam-
ples primarily resulted in increased hardness and brit-
tleness, as evidenced by mechanical test results. This
phenomenon can be attributed to two key degradation
processes: crosslinking and the loss of low molecular
weight components. The increase in crosslink density
upon thermal aging was confirmed by swelling tests.
This indicates that oxidation and recombination reac-
tions led to the formation of additional crosslinks

85UBD1T SUOWILIOD) BAIIER1D) 3(qed!|dde sy Aq pausenob a1e sapie YO ‘3sN Jo Sa|nu 10} Akeiq i auljuQ A8|IA UO (SUOI}IPUOD-pUE-SWLBYWOD AB 1M Afe.q 1 pul|Uo//:SdNy) suonIpuoD pue st | Uy 88S *[520z/70/cz] Uo Arlgiauliuo AB|ia ‘Ineadns aifiojouyos | @ 81093 Aq 0Tz.z'Ued/z00T 0T/I0p/0d S| 1M Are.q 1puljuosuo 1ed jgndedsty//:sdny woly papeojumoq ‘0 ‘7E9Z8YST



14 912 INSPIRING POLYMER TAYEFI ET AL.
“ L WILEY-TF 5z, St
(A) (B)
=100 =100
x = E70°C x = E70°C*1
o e E80°C o e E80°C*3
g A ESOOOC g A E90°(°:*6
v E100°C*14
£ : v E100 0c c "
2 - ¢ E110°C 2 ¢ E110°C*32
S 50 <« E120°C S 50| x < E120°C*66
c ol [ | c »
[*] []
6 ‘A ] E ‘ﬁ
kel ® el
g | B T
1+ « |
|
z o T T T T T T T z 0 T T T T
0 50 100 150 200 250 300 350 400 0 200 400 600 800 1000
(©) Aging time (days) (D) a;*Aging time (days) (70 °C)
<100 2 100
x = P70°C = = P 70°C*
o e P80°C 3 o P80°C*3
O~ *,
= A P90°C 2 4 Po0°Cts
Pt v P100°C e ‘ v P100°C:13
.g u ¢ P110°C _g ¢ P110°C*31
S 50 . < P120°C § 50 “\ < P 120°C*66
K} o
[ m 7] i."
° al v ° ®oan
N N P
‘S E <
£ £ <
[*]
z o T T T T T T T 2 0 T T T T T
50 100 150 200 250 300 350 400 0 200 400 600 800 1000

(E) Aging time (days) (F) a,*Aging time (days) (70 °C)

< 100 <100

= = A70°C = = A70°C*
o e AB0°C 3 o AB80°C*3.5
2 - A A90°C*5.5
= L AT 5 | o

c - v A100°C - “ v A100°C*14
2 fo w ¢ A110°C 2 ¢ ¢+ A110°C*32
g 50 <4 A120°C 8-. 50 - 1'* <4 A120°C*65
c - c

o o

[T} A u [T}

° \ B “V”

N A ] N b ¥

— f H— « <

© [1+] 4 o

E | £ «
§ 0 T T T T T T T T 2 0 T T T T T

0 50 100 150 200 250 300 350 400 0 200 400 600 800 1000
Aging time (days) a;*Aging time (days) (70 °C)

FIGURE 8 The curves of the normalized elongation at break versus the aging time at the temperatures under study and their

corresponding master curve for 70°C for sample E (A, B), sample P (C, D), and sample A (E, F).

within the polymer network. As the material aged, flexible, ultimately leading to embrittlement. Further-
these additional crosslinks reduced the mobility of the = more, thermogravimetric analysis (TGA) and weight
polymer chains, making the elastomer stiffer and less  loss measurements demonstrated a measurable
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FIGURE 9 The logarithmic plot of shifting factors of elongation at break versus the inverse of their corresponding temperature in the

range of 70-120°C and their resultant TTS curves of samples for 23°C for sample E (A, B), sample P (C, D) and sample A (E, F).

reduction in mass due to the evaporation of low molec-
ular weight additives and volatile degradation byproducts.
These components, often added to improve processing
and mechanical properties, tend to evaporate at elevated

temperatures,

further contributing to the observed

increase in hardness and reduction in elongation at break.
Additionally, oxidation reactions occurring at high temper-
atures may have played a role in structural degradation.
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FIGURE 10 The logarithmic plot of shifting factors of elongation at break versus the inverse of their corresponding temperature in the

range of 70-100°C and their resultant TTS curves of samples for 23°C for sample E (A, B), sample P (C, D), and sample A (E, F).

Thermo-oxidative aging can induce chain scission, particu-
larly at higher temperatures, which competes with cross-
link formation.

To understand the change in the aging mechanism of
SBR composites, an Ahagon plot>® can be utilized, which
is a logarithmic plot of elongation at break versus 100%
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TABLE 5 The equations were obtained from the fitting of TTS curves.

Sy ] y= al*eXP(—x/ t) + az*exp(—x{ L) + as*exp(—x/ ts). +.y0,
temperature where Y is normalized elongation at break and X is time
ranged used Equation P E A
Elongation at break Aaszec 591 x 1073 11.63 x 103 6.53 x 102
70-120°C Yo ~3.8 175 3.41

a, 42.5 16.1 40.3

t 16,905 168 66,981

a, 20.6 38.5 20.0

153 540 5259 452

as 40.7 43.6 36.2

t3 144,683 35,224 13,729

Adj. R? 0.997 0.991 0.991

Lifetime at 23°C (50% 42 17 34

elongation) (years)
Elongation at break @ 6.47 x 1072 10.11 x 103 6.85 x 1072
70-100°C Yo 21.3 19.7 20.2

a, 21.0 18.4 20.8

[5% 516 280 502

a, 57.6 61.7 58.8

t, 19,916 10,176 17,769

as - - -

ts - - -

Adj. R* 0.995 0.983 0.990

Lifetime at 23°C (50% 38 20 37

elongation) (years)

Modulus, Figure 11. This plot can reveal three different
degradation mechanisms:

« Type I: The modulus increases while the elongation at
break decreases, primarily due to crosslinking as the
dominant mechanism.

« Type II: A slight change or reduction in modulus is
observed, along with a decrease in elongation at break,
typically under anaerobic aging conditions.

« Type III: The modulus increases, and the elongation at
break significantly decreases due to a combination of
chain scission and crosslinking reactions, particularly
under oxidative aging conditions."®

However, in this work, only Types I and III have
been seen. The area in which the slope was about —0.8
means that SBR composites degradation was the type I,
which means that the crosslinking mechanism was
predominant. For the accelerated thermal aging tem-
peratures of 70-90°C, the data belonging to the early
days of aging lie on these lines. This indicated the

crosslinking reactions are superior in that region. The
remaining data lie on lines with higher slopes, about
1.15 and higher, related to the type III mechanism.
This type of degradation was characterized by mostly
scission reactions.”® The degradation can be described
as a process where oxygen exposure leads to the forma-
tion of a hydroperoxide molecule. This hydroperoxide
then breaks down into highly reactive free radicals,
which set off a chain reaction of further breakdowns.
Antioxidants can slow this process by capturing some
of these free radicals. However, as the antioxidants are
used up over time and with increasing heat, the free
radicals continue to be generated and promote the
breakdown of the compound. This suggests that at elevated
temperatures as well as prolonged aging, this chain scission
process becomes the dominant force. This approach has
also been employed by other researchers to investigate the
aging mechanisms.’>® The presence of only the two afore-
mentioned mechanisms has also been observed in natural
rubber (NR).®! In summary, the thermal aging mechanism
of these SBR elastomers was primarily governed by
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for E, P, and A.

crosslinking-induced stiffening and the volatilization of
low molecular weight species, both of which led to a

decline in mechanical performance over time.

4 | CONCLUSION

This study investigated the thermal aging behavior of three
SBR-based elastomeric compounds containing carbon
black. The thermo-oxidative aging process was carried out
at temperatures ranging from 70 to 120°C for various dura-
tions, from 14 to 365 days. The results of the tensile and
hardness tests on aged samples showed that hardness and
the 100% modulus increased, while elongation at break
decreased for all three samples. These changes were
temperature-dependent, with higher temperatures acceler-
ating degradation. For example, at 70°C, a reduction of
approximately 50% in elongation at break was observed in
less than 90 days for all three samples, whereas at 120°C,
this same level of degradation occurred in under 2 days.
This behavior can be attributed to an increase in crosslink
density and the evaporation of low molecular weight mate-
rial upon aging, as evidenced by swelling tests and weight
measurements before and after aging.

Swelling tests confirmed an increase in crosslink for-
mation in the SBR elastomer over time. Additionally,
laser microscopy was used to analyze microstructural
changes, revealing the formation of surface roughness
and other defects. These findings indicate degradation
processes such as oxidation, crosslinking, and the evapo-
ration of low molecular weight components.

To predict the lifetime of these materials, both the
Arrhenius method and time-temperature superposi-
tion (TTS) were evaluated. The TTS method was found
to provide more accurate predictions as it utilizes all
available data, whereas the Arrhenius method relies on
only one data point per temperature. Furthermore, by
comparing the two temperature intervals using an
Ahagon plot, it was observed that at higher tempera-
tures, the degradation mechanism shifted, with chain
scission becoming predominant.

For future work, improving lifetime predictions by
considering a broader range of environmental factors
would enhance accuracy. Investigating the combined
effects of ozone exposure and thermal aging could pro-
vide deeper insights into material degradation mecha-
nisms. Additionally, studying the simultaneous influence
of compression and heat on the samples could offer a
more realistic assessment of their long-term performance.
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