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Abstract: The present study investigated the effects of thermal aging, ultraviolet radiation (UV), and
stress softening on the performance properties of rubber modified with Cloisite Na* or Cloisite 20A.
Tensile strength (TS), strain at break (SB), modulus, and the retention coefficient were measured before
and after aging. Results showed that TS and SB decreased by about 50% after 7 days of aging for all
tested samples due to the breakage of the chemical bonds between rubber and nanoparticles. The
modulus at 300% elongation increased by 20%, 15%, and 7% after thermal aging for the unmodified
sample, nanocomposites with Cloisite Na*, and Cloisite 20A, respectively. The shape retention
coefficient of all samples was not affected by heat, except for the virgin rubber sample, which
exhibited a decrease of about 15% under thermal aging. The virgin matrix and nanocomposites
showed different values of aging coefficient during thermal aging and UV radiation. The dissipated
energy of samples that were aged after stretching was slightly higher than that of samples that
were aged after stretching due to the breakdown of the bonds within the nanocomposites. Loading-
reloading energy results showed that the level of stress softening was lower when Mullins was applied
after the aging of the samples. Differential scanning calorimetry results indicated a slight decrease in
Tg in the aged and stretched samples and an increase in the temperature of the first endothermic
peak due to the addition of nanofillers in the stretched and aged samples. Thermogravimetric analysis
revealed that all tested samples exhibited similar thermograms, regardless of their state of stretching
or aging. Scanning electron microscopy analysis showed that the fracture surface of the virgin unaged
sample was rough with some holes, while it was flatter and less rough after aging.

Keywords: rubber nanocomposites; Mullins effect; aging; mechanical properties; thermal properties;
structure; morphology

1. Introduction

The field of rubber nanocomposites has received considerable attention from both
academics and industrialists in recent decades due to their improved mechanical perfor-
mance and thermal stability. The development and applications of rubber nanocomposites
have been the subject of many reviews and research works [1-8]. The properties of rubber
nanocomposites have been shown to depend on the type and content of nanofillers, as well
as the dispersion methods. Good dispersion leads to greater interfacial interactions with
the rubber matrix compared to microfillers, which results in the expected reinforcing effect.
Additionally, the amplitude and time of mixing of nanoparticles with the matrix have been
shown to affect the mechanical properties of polymer nanocomposites [9-11].

Due to the specific application conditions of filled and unfilled rubbers, various
studies have been concerned with their aging behavior [12-17]. Choudhury et al. [12]
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studied the effect of accelerated heat aging on the properties of hydrogenated nitrile
rubber. Results showed that heat aging led to crosslinking reactions and embrittlement
of the samples. However, the incorporation of nanoclays restricted the degradation of
rubber nanocomposites with improved ductility. Bellas et al. [13] studied the aging of
styrene butadiene rubber (SBR) reinforced with organoclays at 70 °C at different times. The
elongation at break of the aged nanocomposite samples without antioxidants decreased,
whereas the modulus and hardness increased with aging time. These results were attributed
to main-chain scission and crosslink formation. Chakraborty et al. [14] studied the effect of
thermal aging at 130 °C for 30 h and thermo-oxidative aging at 105 °C for 7 days on the
properties of SBR nanocomposite. The results showed that the retention of the properties
of the nanocomposites under both aging conditions was better than that of rubber filled
with carbon black. Furthermore, it was confirmed that the thermal degradation rate of
hydrogenated nitrile butadiene rubber /nanoclay /CNTs nanocomposites was lower than
that of HNBR/nanoclay [15]. This was due to the reduction in the diffusion rate of the
degradation products induced by the clay and carbon nanotubes (CNT) nanofiller systems.

Various interpretations have been put forward to explain the aging processes of poly-
mer nanocomposites as well as ways to reduce the degradation of the latter. Chain scission
and crosslink formation are the most accepted mechanisms that lead to the deterioration of
mechanical properties [12,13,18,19]. It has also been demonstrated that clay nanoplatelets
act as a barrier against the diffusion of degradation products, thus delaying the degra-
dation of nanocomposites [15,19,20]. It is well documented that a very good dispersion
of nanofillers combined with interfacial adhesion with the rubber matrix significantly
contributes to the reduction in the degradation of rubber nanocomposites.

Although rubber products are employed in various fields with combined external
parameters, relatively few studies have been devoted to aging under stress or strain [21-26].
Various interpretations have been proposed to explain the simultaneous effects of aging
and applied stress on the performance of rubber materials. It was demonstrated that
aging and mechanical tension resulted in a decrease in the crosslink density in silicon
rubber samples, unlike thermal aging, which showed the opposite effect [21]. On the
contrary, a constantly applied compressive stress causes the breakage of bonds between
the natural rubber chains and a decrease in crosslink density [22]. Similar results were
obtained by Zheng et al. [23], where crosslinking, chain scission, and oxidation reactions
were predominant in the compressive stress relaxation of butadiene rubber samples during
thermo-oxidative aging. Li et al. [24] also confirmed that compressive stress and thermo-
oxidative aging led to the oxidation of ethylene-propylene-diene monomer (EPDM) rubber
structure with the formation of carbonyl groups. In a separate study, it was found that both
elevated temperature and applied strain accelerated the aging process of hydrogenated
nitrile butadiene rubber (HNBR) [25], while Lou et al. [26] discovered that compressive
strain slowed the thermo-oxidative aging reaction of silicone rubber foam. A previous
study on the aging of carbon black-filled rubber showed that the oxidative crosslinking of
rubber subjected to deformation was significantly accelerated with acceleration increasing
with increasing deformation and decreasing temperatures [27].

However, rubber products previously subjected to aging and then subjected to con-
stant stress or strain have been neglected. Quang et al. [28] studied the effect of thermal
aging and cyclic tensile loading on the mechanical properties of natural rubber (NR). The
tensile strength of NR samples aged at 70 °C remained unchanged, most probably due to
strain-induced crystallization, while at 110 °C, both the tensile strength and fatigue resis-
tance of the material reduced drastically. Another study investigated carbon black-filled
polychloroprene rubber samples subjected to tensile cycling loading and thermo-oxidative
aging. The results showed that aging significantly affected the stress relaxation of the
samples due to changes in the network [29].

Numerous researchers have attempted to model the Mullins effect over the past
few decades. This phenomenon, known as stress softening, is often accompanied by
inelastic effects, such as induced anisotropy, residual strain, and permanent set in loaded



Polymers 2024, 16, 3141

30f20

rubber samples. Different constitutive models based mostly on pseudo-elastic and damage
theories have been used to analyze Mullins stress softening with permanent set and induced
anisotropy in filled rubbers [30-33]. Good agreement was obtained with the experimental
data. The complex phenomena and recovery were also investigated. Chu et al. [34]
studied the anisotropy and the recovery of filled rubbers. They confirmed that the recovery
depends on the annealing time and temperature. However, Merckel et al. [35] captured
the anisotropy induced in a wide range of rubber-filled materials. The data were obtained
from both uniaxial and biaxial loading tests. However, Fazekas and Goda [36] improved
the hyper-visco-pseudo-elastic constitutive equation to model the Mullins effect of carbon
black-filled ethylene—propylene—diene monomer rubber by taking into account the effects
of temperature and the residual strain effect.

Rubber materials are often used in applications where aging is combined with applied
stress or strain, causing permanent deformation of the part and, hence, premature failure.
Most of the studies concerned the simultaneous effects of aging and stress or strain on the
material properties. The objective of the present work was to study the separate effects
and order of effects of aging and cyclic stretching on the performance properties of rubber
nanocomposites.

2. Materials and Method
2.1. Materials

The following ingredients were used to prepare the virgin rubber matrix and rubber
nanocomposites containing two different nanoclays:

2.1.1. Base Materials
- KER N-29 (acrylonitrile-butadiene rubber) from Synthos Rubbers, Oswiecim, Poland.

It contains 29% acrylonitrile, has a tensile strength of 20 MPa, and an elongation at
break equivalent to 420% according to ASTM D412.

- SVR-3L Natural Rubber-obtained from Dau Tieng Rubber Corporation, Vietnam. It
shows high elasticity and elongation at break and good aging resistance.

2.1.2. Nanofillers

- Cloisite 20A-layered aluminosilicate modified with quaternary ammonium salts;
- Cloisite Na*: natural montmorillonite.

2.1.3. Other Ingredients in the Formulation

- Zinc oxide white powder used as an accelerator from Huta Bedzin, Bedzin, Poland;

- Glyceryl tristearate: a mixture of palmitic and stearic acids and a small amount of
unsaturated acids, purchased from POCH SA, Gliwice;

- Santicizer 261A-alkyl (C7-C9) benzyl phthalate from Brenntag, Kedzierzyn Kozle,
Poland;

- Brown factice—used as a softener of mixtures from Kodrewex Company, Gomunice,
Poland;

- Chalk—calcium salt with carbonic acid, mainly used as a filler from Polclac, £.6dz,
Poland;

- Wax (Protector G 35 WP)-mainly used to reduce friction and improve lubricity
(Paramelt BV Costerstraat, Heerhugowaard, The Netherlands);

- Tetramethylthiuram disulfide (Accelerator T) and benzotriazole disulfide (DM Accel-
erator) were purchased from Rubber Industry in Miekinia-Btonie, Poland;

- Sulphur-a vulcanizing substance produced by Siarkopol (Tarnobrzeg, Poland).

2.2. Preparation of Rubber Nanocomposites

Three compositions were prepared: a mixture of virgin rubber and rubber nanocom-
posites containing 1 wt% Cloisite Na* or 2 wt% Cloisite 20A. These nanocomposites were
selected because of their superior tensile strength, as reported in our previous work [37].
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Nanoclay dispersions were prepared with a plasticizer (Santicizer 261A) and then mixed
mechanically for 10 min at room temperature, followed by ultrasonic homogenization with
a Hielscher UP200H model with an amplitude of 270 um for 15 min [37]. The plasticization
of the compositions was conducted using an industrial two-roller mill WT 300 at 50-60 °C
for 10 min. The remaining ingredients were then added to the prepared dispersions and
mixed together. The vulcanization was carried out according to PN-ISO 3417:1994 [38] for
15 min using a press PH-2PW90ie at temperatures between 150 and 160 °C and a pressure
of 10 MPa. The vulcanizates were left to cool in the molds, and then samples of defined
shapes and sizes were cut out for further testing.

2.3. Aging

Thermal aging of selected rubber vulcanizates was carried out in a circulating labora-
tory oven at a temperature of 70 °C for 7, 14, 21, and 28 days in accordance with PN-ISO
188:2000 [39]. Method A. All aged samples were stored for 24 h at 23 °C in order to obtain
thermal equilibrium. Additionally, the selected samples were subjected to thermal aging
only after the cyclical tensile tests (0-100%, 0-200%, and 0-300%) and then aged.

2.4. Evaluation of Mechanical Properties Before and After Aging

The tensile strength and strain at break of the rubber samples were assessed according
to the PN-ISO 37:2007 [40] standard at a deformation rate of 200 mm/min using an Instron
5566 machine (Instron Co., Buckinghamshire, UK) equipped with Merlin software v. 22108.
Measurements were made both on unaged samples, after thermal aging, and on samples
subjected to cyclic stretching and only then aged.

The aging factor (K;) of the samples was calculated using the following formula:

| TSg-SByg

K =—° "%
T TSy,-SBy,

1)
where: TSp,—Tensile strength before aging, (MPa), TS;—Tensile strength after aging,
(MPa), SBy,,—Strain at break before aging, (%), SB;g—Strain at break after aging, (%).

The shape retention coefficient (Ks) was determined in accordance with the PN-ISO
815:1998 [41] standard on a Zwick/Roell Z010 testing machine. The test was carried out at
room temperature on aged and unaged cylindrical samples with a diameter of 32 mm. The
samples were first compressed by 20% for 3 min, removed, and their height was measured
5 min after removal. The K; coefficient was calculated using the following formula:

hy—my

K. —
T hg—I

()

where: hp—sample height before the test (mm), ;;—height of the sample after 20% com-
pression (mm), and h,—height 3 min after removal of the load (mm).

Mullins effect-the measurement involved cyclic stretching, returning the sample at
a constant speed of 50 mm/min and increasing the maximum elongation of the sample
during the measurement by 100% of the sample length, up to 300%. The study was
conducted for compositions 1 and 2 and the reference sample. Samples were tested before
and after 7 days of aging on an Instron 5566 testing machine.

2.5. Characterization

Fourier-transform infrared spectroscopy was used to check the presence of character-
istic groups using a spectrometer Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA,
USA), mode ATR with diamond crystal, 64 scans, resolution 4 cm~ 1L,

Thermogravimetric analysis used a analyzer Q500 (TA Instruments) with a tempera-
ture profile of 25-1000 °C and a heating rate of 10 °C/min in a nitrogen atmosphere.
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Differential scanning calorimetry: Samples were analyzed using a Stare System (Met-
tler Toledo) at a scanning rate of 10 °C/min in nitrogen in the temperature range of —70 °C
to +130 °C.

X-ray diffraction tests were performed using a Rigaku Miniflex-600 powder diffrac-
tometer (Japan) equipped with a Co K« source radiation (A = 1.7903 A) operating at 40 kV,
an emission current of 15 mA, and a scanning speed of 8° /min step of 0.2°.

Scanning electron microscope NovaNano SEM 450e (FEI Company, Eindhoven, The
Netherlands) was used to analyze the morphology of the samples previously broken in
nitrogen, and then covered by a sputter coater with a thin layer of Au/Pd for 60 s.

3. Results and Discussion

Figure 1 shows the effect of thermal aging on the tensile strength (TS) of rubber
nanocomposites prepared from Cloisite 20A and Cloisite Na*. It can be seen that the TS
decreased significantly after 7 days of aging, regardless of the tested nanocomposites. The
lowest TS decrease was shown by the unmodified epoxy matrix (17%), while 50% was
assigned to Cloisite 20A and Cloisite Na* nanoclays, respectively. The decrease in TS
can be attributed to the breakage of the chemical bonds between the rubber matrix and
nanoparticles. Similar results have been obtained by other researchers [11,13,37].

871 ao
0O1% Cloisite Na+

ée ] W2% Cloisite 20A
A
<
241
=)
=
527
7

0

0 7 14 21 28

Aging time, (days)

Figure 1. Effect of thermal aging time on the tensile strength of epoxy nanocomposites.

As shown in Figure 2, a similar decrease in TS was noted with UV aging of the rubber
nanocomposites. As seen above, the lowest decrease was shown by the unmodified epoxy
matrix (17%) compared to 57% for the Cloisite 20A-based nanocomposite. Ultraviolet
exposure can cause complex chemical changes in rubber nanocomposite samples. As
reported by Tan et al. [42], oxidation reactions occur on the surface EPDM rubber. The
degree of oxidation increased with increasing aging time; moreover, the results of Wang
et al. [43] confirmed that the mechanical properties of the EPDM coating were significantly
affected by temperature and aging time.

However, Mishra et al. [44] attributed the decrease in the mechanical and thermal
properties of montmorillonite-modified silicone rubber to a decrease in the crosslinking
density and an increase in mobility of rubber chains due to prolonged exposure to UV.

The effect of the thermal aging time on the tensile strain at the break of the rubber
nanocomposites is presented in Figure 3. The strain at break of the virgin matrix decreased
by approximately 30%, while the decrease in Cloisite 20A and Cloisite Na* reached 46%
and 49%, respectively, after one week of aging. Thermal aging leads to the breakage of
polymer chains and, consequently, a reduction in their elongation.

Figure 4 shows the effect of UV aging on the strain at the break of rubber resin
modified with Cloisite 20A and Cloisite Na*. As in the case of the thermal aging results, a
maximum strain decrease of approximately 50% was observed for the Cloisite 20A-based
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nanocomposite. However, one cannot observe drastic changes after longer aging times. As
previously mentioned, most of the sample degradation took place during the first week
of aging.

Figure 5 shows the stress-strain curves of a virgin rubber matrix and nanocomposites
containing 1 wt% Cloisite Na* or 2 wt% Cloisite 20A. The curves were obtained from the
raw data of a selected sample of each composition. It was found that the stress and strain
at break of the nanocomposites increased with the addition of nanoclay. These results are
in agreement with those shown in Figures 1-4.

8 -

ao

01% Cloisite Na+
6 + W2% Cloisite 20A
4 -

Stress at break, (MPa)
o

L

Aging time, (days)
Figure 2. Effect of UV aging time on the tensile strength of epoxy nanocomposites.
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Figure 3. Effect of thermal aging time on tensile strain at break of rubber nanocomposites.
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Figure 4. Effect of UV aging time on tensile strain at break of epoxy nanocomposites.
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Figure 5. Stress-strain curves of a virgin rubber matrix and rubber nanocomposites containing 1 wt%
Cloisite Na* or 2 wt% Cloisite 20A.

Table 1 shows the mechanical properties of the epoxy nanocomposites before and
after 7 days of thermal or UV aging. The samples containing 1 wt% Cloisite Na* or
2 wt% Cloisite 20A were selected for their maximum impact strength. The energy to break
evaluated from the stress and the strain increased by about 30% and 40% compared to the
virgin rubber matrix for the nanocomposites containing 1 wt% Cloisite Na™ and 2 wt%
Cloisite 20A, respectively. However, a drastic reduction in the energy to break was noted
for both types of nanoclays subjected to either thermal or UV aging. Indeed, the energy
to break decreased by more than 95% for the unmodified rubber vulcanizate and rubber
nanocomposites. As expected, the values of the moduli at 100% elongation were lower
than those at 300% elongation, while both moduli were higher after thermal aging than
after UV aging. The values of the modulus at 300% elongation increased by 20%, 15%, and
7% after thermal aging for the unmodified sample, nanocomposites with Cloisite Na*, and
Cloisite 20A, respectively. As mentioned earlier, the formation of crosslinking after thermal
aging necessarily leads to an increase in the stiffness of the sample, whereas UV aging does
not affect the bulk of the sample, and thus does not produce more crosslinking and, thus,
higher rigidity.

Table 1. Mechanical properties of rubber composites after 7 days of thermal and UV aging.

Tensile Strength, Strain at Break, Energy Modulus at 100% Modulus at 300%

(MPa) (%) to Break, (J) Elongation (MPa) Elongation (MPa)
Before aging 3.6 560 158.0 0.99 1.83
0 thermal aging 3.0 400 47 1.15 2.23
UV aging 3.0 420 45 1.16 2.15
1 wt% Before aging 5.7 711 205.5 1.14 2.17
Cloisite thermal aging 2.7 325 3.6 1.27 2.52
Na* UV aging 2.9 400 4.4 1.18 221
2 wt% Before aging 6.9 655 2229 1.33 271
Cloisite thermal aging 3.6 364 49 1.40 291
20A UV aging 29 332 3.9 1.35 2.64

It is seen that thermal aging and UV radiation affect the tensile strength, strain at
break, energy to break, and modulus at 100% and 300% elongation of the nanocomposites
and virgin vulcanizate differently. This depends on the aging time and temperature, as well
as the intensity of UV radiation. The tensile properties of the nanocomposite containing
Cloisite Na* were better after UV irradiation than those of the nanocomposite containing
Cloisite 20A. The opposite result was obtained for thermal aging due to the barrier effect of
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the organomodified nanoclay. It is well known that the properties and thermal stability of
polymer nanocomposites depend on the type of nanoclays, their surface modification and
degree of dispersion, and the level of their intercalation within the matrix. The effect of
UV radiation can cause chemical reactions on the surface of the sample, which can lead to
deterioration of its properties. However, heat dissipates inside the sample, breaking the
various bonds and consequently leading to the degradation of the latter.

The values of the shape retention coefficient (K;) and aging coefficient (K;) are pre-
sented in Table 2. It is seen that Ks did not change after aging, except for that of the virgin
matrix, which decreased by 15% after thermal aging. This confirms the barrier effect of
montmorillonite nanoplatelets against heat diffusion, leading to an increase in the thermal
stability of the nanocomposites.

Table 2. Values of shape retention coefficient (K;) and aging coefficient (K;) before and after 7 days of

thermal and UV aging.

Content of Nanoclay Aging Type (K_S) (Ii“)

No aging 0.99 —
0 Thermal aging 0.83 0.59
UV aging 0.96 0.62

o No aging 0.98 —
al 1 V,Vt /IO\I + Thermal aging 0.98 0.33
oisite Na UV aging 0.93 0.43

o No aging 0.96 —
al 2 Wt /E 0A Thermal aging 0.99 0.61
oisite UV aging 0.92 0.46

Surprisingly, the aging coefficient K, of the unmodified vulcanizate and nanocomposite
based on Cloisite Na* was lower with thermal aging than with UV radiation, while the
opposite was obtained with the nanocomposite based on Cloisite 20A.

The loading-unloading process is shown schematically for two cycles in Figure 6, in
which the 1st cycle is in blue and the 2nd cycle is in red. Stress softening is accompanied by
residual deformation, and the reloading of the rubber sample requires a load lower than
the previous loading, thus confirming the Mullins effect [30,32]. This phenomenon is in
contrast to the idealized Mullins response with reloading of the sample following the same
path as the previous loading [45]. This characteristic behavior has been reported in other
works on filled and unfilled rubber materials [46-50].

Load, (a.u.)

—— loading - unloading
—— reloading - unloading

0 100 200
Elongation, (%)

Figure 6. Schematic presentation of the loading-unloading-reloading process.

The energies were calculated between the loading and next reloading curves (designed
as loading-reloading energy) as well as from the hysteresis loop (hysteresis energy), and
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their values are presented for the samples after aging and stretching in Tables 3 and 4,
respectively. Thermal aging was chosen for the evaluation of the energies dissipated during
the cyclic stretching of the samples and compared to the aged samples due to the better
properties of the samples compared to UV aging.

Table 3. Energy (J) between loading and unloading at different levels of elongation.

Samples Composition

Virgin Rubber Sample 1 wt% Cloisite Na* 2 wt% Cloisite 20A

Elongation, (%)

100 200 300 100 200 300 100 200 300

Mullins without aging

0.09 0.28 0.43 0.12 0.30 0.46 0.11 0.31 0.51

Mullins, followed by aging

0.11 0.30 0.43 0.10 0.30 0.45 0.12 0.34 0.53

Aging followed by Mullins

0.11 0.25 0.39 0.09 0.23 0.38 0.11 0.29 0.50

Table 4. Energy (J) between the loading and next reloading samples at different stretching cycles.

Samples Composition

Virgin Rubber Sample 1 wt% Cloisite Na* 2 wt% Cloisite 20A

Elongation, (%)

100 200 300 100 200 300 100 200 300

Mullins without aging

0.07 0.17 0.22 0.06 0.17 0.25 0.08 0.19 0.28

Mullins, followed by aging

0.07 0.21 0.25 0.07 0.21 0.27 0.07 0.23 0.33

Aging followed by Mullins

0.06 0.13 0.21 0.06 0.14 0.20 0.07 0.17 0.28

From Table 4, it can be observed that the energy increased with increasing levels of
stretching of the samples before or after aging. Moreover, it was shown that the dissipated
energy of the samples that were first cyclically stretched and then aged was slightly greater
than that of the samples that were first subjected to thermal ageing, most likely due
to the breakdown of the bonds within the matrix and/or the bonds between the latter
and the nanoparticles during stretching. Similar results were obtained for other rubber
nanocomposite systems [46,47]. Other investigations attributed the stress softening of filled
and unfilled rubber vulcanizates to the destruction of the filler aggregates [48,49], chain
disentanglements, which resulted in a decrease in the effective crosslink density [50-52],
chain breakage at the interface between the rubber and the fillers [53,54], and the rupture
of chain-filler and chain-chain bonds [55].

Similar to the previous results (Table 3), the values of the loading-reloading energies
are shown in Table 4, which increased before or after aging with increasing elongation
of the samples. Moreover, it appeared that the level of stress softening was lower when
Mullins was applied after aging of the samples. These results are consistent with ours
for unaged rubber nanocomposites [44]. Kittur et al. [56] showed that thermo-oxidative
aging caused the evolution of crosslinks and entanglements that significantly affect the
inelastic response of the elastomers. The results revealed that thermo-oxidative aging
induced additional crosslinking accompanied by chain scission, with a predominance of
crosslinking over chain scission. Moreover, it was demonstrated that the aging process
significantly influenced the stress relaxation of the samples. However, Bouaziz et al. [57]
confirmed that the stiffness of carbon black-filled butadiene rubber increased with thermal
aging time due to the reorganization of the crosslinks and/or reformation of the network.
In addition, they showed that the Mullins was not affected by aging. In another study,
it was found that Mullins softening increased with aging time as a result of the increase
in the crosslink density of thermo-oxidatively aged elastomers [29,58]. In addition to the
type of filler used, its content, and dispersion, it has been shown that the Mullins effect
also depends significantly on the adhesion between the filler and matrix [59]. In contrast,
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Merckel et al. [60] demonstrated that the Mullins softening effect remains unaffected by a
change in the crosslink density, but increases with increasing filler content.

A heat treatment applied to the rubber nanocomposite components that are subjected
to deformations would result in reversibility of the Mullins effect and hence ensure their
extended service life.

Figure 7 shows the FTIR spectra of the rubber samples that were cyclically stretched
to 300% according to the Mullins procedure before and after thermal aging. Two peaks
appearing at 3000 cm~! and 2850 cm ™! with the same intensity in all spectra, were at-
tributed to the stretching vibrations of the C-H groups in the methylene groups of saturated
aliphatic hydrocarbons. A band related to the stretching vibrations of unsaturated C=C
groups was identified for all tested samples at 1730 cm ™!, with the highest band height
exhibited by the control and nanocomposite based on 2 wt% Cloisite 20A. The intensity of
the band associated with C=C vibrations increased in the unmodified sample after aging,
indicating continuous degradation of the elastomer. After the addition of Cloisite 20A,
the number of unsaturated groups did not increase in the nanocomposite after the aging
process, which suggests a thermal protection effect of Cloisite 20A. This effect is even more
visible in the sample containing Cloisite Na*, particularly in the unaged sample. The lower
intensity of this band compared to sample “0”, confirmed the interaction of Cloisite Na*
with unsaturated C=C groups.

The band appeared at 1430 cm~! and was attributed to CH; of the nanocomposites
compared to the virgin sample designated “0”, thus proving the barrier effect of the
nanoparticles. However, the aged nanocomposites contained fewer CH, groups than
the non—aged samples. The decrease in band height correlates with the increase in the
content of the previously mentioned band for C=C. Bands from the =CH strain vibrations
of unsaturated bonds, whose intensity was significantly less in the nanocomposites than in
the matrix itself, were observed in the range of 970-870 cm ™! and 720 cm !, independent
of the aging and stretching of the sample. This once again proves the thermal protection
effect of the modifiers used.

Figure 8 shows the spectra of the unstretched samples before and after thermal aging.
In all tested spectra before and after aging, it was noted that the stretching vibrations
of the CH group in the CH, groups showed almost identical bands at 3000 cm ! and
2850 cm™ !, indicating the heat resistance of the rubber matrix. Distinct differences in
band intensities were observed at wave numbers 1730 cm 1, 1540 cm ! and 1430 em 1.
The first band corresponds to the stretching vibrations of the unsaturated C=C bonds
with the greatest height for sample “0”, attributed to the greatest degree of aging of the
sample. The addition of nanoparticles reduced the number of unsaturated C=C groups
in the rubber, which, analogous to the results in Figure 5, may be related to the thermal
protection effect of the fillers. Moreover, it is seen that the band of the sample with Cloisite
Na* was smaller compared to that of Cloisite 20A, and its reduction can even be seen in
the stretched and aged sample. It appears that there may be a better matrix interaction
with Cloisite Na* than with Cloisite 20A, and secondary crosslinking of the rubber may
occur due to the temperature. The band at 1520 cm ™! corresponding to C=N stretching
vibrations was clearly the most intense in the unmodified rubber formulation and decreased
in the nanocomposites, which may be related to the shielding effect of nanoparticles with
C=N groups. The large broadband at 1430 cm~! is assigned to the CH, deformation
vibrations of the methylene groups. The strongest band intensity was recorded for the
sample without nanoclays, which may be explained by the barrier effect of the latter.
Among the nanocomposites, the highest concentration of methylene groups was observed
in the nanocomposite containing 1 wt% Cloisite Na*, which was cyclically stretched. For
the remaining stretched samples, the intensity of the band at 1430 cm~! was similar in the
unaged samples and those without the nanofiller, and in the unaged sample containing and
without Cloisite 20A. This confirms the resistance to heat and stretching of the rubber chains
of the samples containing Cloisite Na*. Similarly, deformation vibrations of unsaturated
=CH bonds were also visible in the ranges of 970-870 cm ! and 720 cm 1.
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The Differential Scanning Calorimetry thermograms of rubber samples that were
cyclically stretched to 300% according to the Mullins procedure before and after thermal
aging are shown in Figure 9. Three endothermic peaks of similar intensity were identified
in the thermograms for all tested samples, and the associated data are presented in Table 5.
The first peak is associated with the glass transition temperature (Tg), while the peak
denoted as Ty is assigned to the crosslinking of the elastomer. The small intensity indicates
that the rubber was partially cross-linked. However, peak Ty, with a smaller intensity,
could be related to the degradation of the sample. As can be seen, the recorded transition
temperatures were influenced by many factors, such as the type of nanoparticles, the aging
process, and the process of cyclic stretching of the rubber samples.
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Figure 9. DSC thermograms of rubber samples: (a) no aging, after Mullins (NA, AM), (b) after aging,
after Mullins (AA, AM), (c) no aging, no Mullins (NA, NM), (d) after aging, no Mullins (AA, NM).

Table 5. Results from DSC curves.

Sample my [mg] Tg [°C] Tp1 [°C Tp2 [°Cl
AM-NA_0% 9.79 =31 51 90
AM-NA_1% Na* 9.62 —32 49 91
AM-NA_2% 20A 10.09 -31 48 88
AM-AA_0% 9.42 -29 51 91
AM-AA_1% Na* 9.86 —30 52 92
AM-AA_2% 20A 9.74 -30 54 91
NM-NA_0% 9.14 —32 55 89
NM-NA_1% Na* 9.30 —32 53 91
NM-NA_2% 20A 9.31 —30 54 89
NM-AA_0% 9.91 =31 52 93
NM-AA_1% Na* 10.01 —29 55 83
NM-AA_2% 20A 9.72 —30 53 89

mg [mg]...initial weight of the sample, Tg [°C]... Ty midpoint extracted from 1. Heating: Tp; [°C]... Temperature
of the first endothermic peak extracted from 1. heating—very small.

It can be noted that the incorporated nanoparticles decreased the Ty of stretched
samples (AM) in the range from —29 to —32 °C and increased it in unstretched samples
(NM). However, the added nanoclays and cyclic stretching did not affect the Tg of the
unaged samples. A slight decrease in Tg; was observed in the aged and stretched samples,
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which may accompany the structure rearrangement that occurs during these operations.
Moreover, it was shown that nanoparticles lowered the crosslinking temperature of the
rubber matrix (Tp1) in the unaged samples and increased it in the aged samples. This
may be linked to the barrier effect of the nanofillers against the diffusion of heat and,
consequently, the degradation of the material. Regardless of the stretching, unaged rubber
samples containing Cloisite Na* had a higher crosslinking temperature than those with
Cloisite 20A but lower than that of the pure rubber matrix.

We noticed an increase in the temperature Tp in the stretched and aged samples as a
result of the addition of nanofillers. This result did not concern unstretched samples, which
may be explained by the arrangement of elastomer chains due to the cyclically acting tensile
load. As expected, the incorporation of nanoparticles led to an increase in temperature Ty,
thereby increasing the thermal resistance of the stretched, aged, and unaged composites.
This was not observed in the unstretched samples with a more convoluted structure of
polymer chains.

Thermogravimetric analysis was used to evaluate the effects of nanoclay content,
thermal aging, and cyclic stretching on the thermal stability and degradation temperature
of the rubber nanocomposites. Figure 10 shows the weight loss of the unaged, aged, and
stretched rubber samples as a function of temperature. Results from TG and DTG curves
of the rubber samples are presented in Table 6. Unexpectedly, all the aged and unaged
samples exhibited similar thermogravimetric and differential thermogravimetric (DTG)
curves. This can be explained by the two competitive effects of the nanoclays: a catalytic
effect leading to an increase in degradation, and a barrier effect increasing the thermal
stability of the nanocomposites. Similar results have been reported elsewhere [61,62]. The
decomposition of the rubber matrix can be achieved with alkylammonium cations, which
act as surface modifiers of the nanoclay [63,64].

Figure 11 shows the thermogravimetric thermograms of the aged (AA), unaged (NA),
and unstretching samples (NM). As mentioned above, for cyclically stretched samples,
unstretched (NM) samples subjected to aging (AA) or unaged (NA) exhibited similar
thermograms. This can be explained by the reversibility of Mullins stress softening [64—66].
It has been reported that cyclically stretched filled or unfilled rubber samples recover their
initial properties after heating [64,65] or with time [63,65] as a result of chain relaxation.
It should be emphasized that the recovery of the properties of filled or unfilled rubber
materials would not lead to a reduction in their service life.
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Figure 10. The thermograms showing the change in weight change of aged (AA), unaged (NA), and
Mullins stretched samples (AM) as a function of temperature.
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Table 6. Results of TG and DTG of tested rubber samples.

my Tl Am1 T2 Am2 T3 Am3 T4 Am4 mr
S 1
ampre mgl [°Cl (%]  [°C] [%] [°Cl (%] [Cl (%l [%]
AM-NA_0% 12.430 262 10.50 366 12.13 436 42.25 686 12.85 81.91
AM-NA_1% Na* 12.347 265 11.39 365 shoulder Sh+441 53.50 687 12.41 81.74
AM-NA_2% 20A 12.880 270 10.66 367 12.54 435 42 .57 689 11.87 81.95
AM-AA_0% 12.723 271 9.81 363 12.86 438 42.42 688 12.28 82.50
AM-AA_1% Na* 11.872 268 10.55 364 11.51 438 43.01 687 12.08 82.32
AM-AA_2% 20A 13.131 268 10.25 367 12.31 432 43.54 690 11.83 82.62
NM-NA_0% 11.999 260 11.17 366 13.62 430 37.36 Sh+672 14.46 76.45
NM-NA_1% Na* 13.605 264 11.27 368 shoulder Sh+444 53.52 701 12.66 81.14
NM-NA_2% 20A 12.858 266 11.91 367 11.39 437 41.74 689 12.32 81.24
NM-AA_0% 13.318 272 9.38 363 13.63 438 42.02 686 12.25 82.17
NM-AA_1% Na* 12.228 266 10.18 363 12.87 437 42.01 687 12.07 82.20
NM-AA_2% 20A 12.440 270 10.45 365 12.88 434 42.27 682 12.00 82.45
my [mg]...initial weight of the sample, Am; [%]. .. the weight at temperature T, peak 1, Am; [%]...the weight
at temperature T, peak 2 (small, in AM-NA 1% Na, NM-NA_1% Na* only shoulder); Amj3 [%]. .. the weight at
temperature T3, peak 3 (highest, degradation of polymer); Amy [%]. . .the weight at temperature Ty, peak 4, Amt
[%]. .. the total weight lo.
0.8
100 NM-NA_0% NM-NA_0%
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Figure 11. Weight of aged (AA), unaged (NA), and unstretched samples (NM) as function of
temperature.

We distinguish three different regions with 9.38-13.62%, 37.36-53.52%, and about 12%
of weight loss. The first region between 262 and 367 °C, with a small weight loss, can
be related to the decomposition of low-molecular-weight compounds and the release of
volatile products. The degradation started in all samples at ~250 °C and ended at ~470 °C.
The fastest rate of degradation was noted at about 435 °C, corresponding to maximum
weight loss, indicating the very good thermal stability of all tested samples (i.e., stretched,
unstretched, aged, and unaged).

The X-ray diffraction (XRD) technique was used to analyze the internal structure of a
material as well as the intercalated or exfoliated nanoplatelets. Figure 12 shows the XRD
patterns of the unaged (NA) rubber samples with Mullins stretching (AM) and without
stretching (NM). Aged samples (AA) are also presented with and without cycling Mullins
stretching. It is observed that the XRD pattern of the rubber exhibited peaks with varying
intensities at 10.2°, 33.6°, 36.3°, and 41.6°. The difference between unmodified hydrophilic
nanoclay (Cloisite Na*) and organomodified MMT (Cloisite 20A) is also demonstrated. In
addition, the peaks of the stretched rubber samples were smaller, regardless of the rubber
composition, probably due to the decrease in the interlayer spacing caused by the alignment
of the nanoplatelets [34]. This effect is characterized by a decrease in the intensity of the
XRD line at 10.2°, indicating changes in the structure of the sample. Surprisingly, the peak



Polymers 2024, 16, 3141

15 of 20

at 10.2° of the virgin sample (designated AM-NA 0%) was the most intense and the smallest
in the sample with 2% Cloisite 20A (AM-AA and NM-AA). The Mullins effect is associated
with the internal structure of rubber becoming increasingly stable after cyclic stretching,
leading to consistent material properties [67].
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Figure 12. X-ray diffraction patterns of aged and unaged rubber samples, with and without Mullins
stretching (NM-NA: no Mullins, no aging; AM-NA: after Mullins, no aging; NM-AA: no Mullins,
after aging; AM-AA: after Mullins, after aging).
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Figure 13 shows SEM micrographs of the virgin rubber formulation and rubber com-
posites containing 1 wt% Cloisite Na* and 2 wt% Cloisite 20A before and after thermal
aging, as well as before stretching and after stretching (Mullins effect). The surface of the
virgin unaged sample is rough with some holes, while it is flatter and less rough after
aging. It was noticed that the addition of a nanofiller had a positive effect on the barrier
properties of samples exposed to elevated temperatures. The phenomenon of separation
of the nanofiller from the matrix is smaller, which is illustrated by the lack of microcracks
at the matrix-nanofiller interface. Micropores resulting from the aeration of the rubber
mixture during its vulcanization are visible in all analyzed samples. The nanoparticles were
well embedded in the matrix, with a few oval-shaped pores visible in all tested samples.

In the case of the cyclically stretched samples, microcracks appeared at the matrix—
nanofiller interface, and the smaller their number, the higher the concentration of the
nanofiller. Microcracks were visible in the stretched samples. After adding nanoparticles,
microcracks are fewer and more visible in samples with lower nanofiller content. Heating
led to the separation of the nanoparticles from the matrix. However, some structures were
ordered in the stretched samples. Moreover, it should be pointed out that microcracks
were larger when using a nanofiller with an unmodified surface (i.e., Cloisite Na*) than
when using an organomodified nanofiller such as Cloisite 20A. This can be related to the
occurrence or lack of interaction between the matrix and the nanofiller.

Virgin rubber mixture 1% wt% Cloisite Na+ 2 wt% Cloisite 20A

No Mullins
ik 50um-
No Aging ————————— s |
After Mullins
No Mullins
After Aging ————— mErrraTTaaTe |
After Mullins
~ }-‘Sl';unv\ E

Figure 13. Micrographs of rubber samples before and after aging and before and after cyclic loading.

4. Conclusions

The following conclusions can be drawn from the results obtained by the combined
aging and stress softening of acrylonitrile-butadiene rubber/natural rubber compositions:

- The tensile strength and strain at break decreased by approximately 50% after 7 days
of aging, regardless of the tested nanocomposites, due to the breakage of the chemical
bonds between rubber and nanoparticles. The shape retention coefficient was not
affected by heat for all tested samples except the virgin rubber sample, which exhibited
a decrease of about 15% under thermal aging. The aging coefficient Ka of the unmodi-
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fied vulcanizate and the Cloisite Na* based nanocomposite was smaller with thermal
aging than with UV radiation, while the Cloisite 20A nanocomposite exhibited the
opposite. The values of the hysteresis and loading-reloading energies increased with
increasing levels of sample stretching before or after aging. The dissipated energy of
the samples that were first stretched and then aged was slightly higher than that of the
samples that were first subjected to thermal aging, probably due to the breakdown of
matrix bonds between the latter and the nanoparticles during stretching. Furthermore,
the loading-reloading energy results indicated that the level of stress softening was
lower when Mullins was applied after the aging of the samples.

- FTIR spectroscopy analysis confirmed the presence of the characteristic groups as well
as a decrease in the peak of unsaturated C=C and C=N groups following the addition
of nanoparticles, which can be attributed to the thermoprotective effect of the latter.
DSC results indicated a slight decrease in Tg was observed in aged and stretched
samples and an increase in the temperature of the first endothermic peak due to the
addition of nanofillers in the stretched and aged samples. Thermogravimetric analysis
revealed that all tested samples exhibited similar thermograms, regardless of their
state of stretching or aging. SEM analysis of the virgin unaged sample showed that
it was rough with some holes, while it was flatter and less rough after aging. The
nanoparticles were well embedded and dispersed in the rubber matrix.

- It has been shown that the Mullins softening effect combined with aging and other
parameters affects the safe use of rubber nanocomposite components. An adequate
heat treatment applied to the components could result in the reversibility of the
Mullins effect and hence ensure their extended service life.
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