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Milan MASAŘ2, and Mohamed BAKAR1

1 University of Technology and Humanities in Radom, Faculty of Chemical Engineering and Commodity Science, Poland
2 Tomaš Bata University in Zlin, Centre of Polymer Systems, Czech Republic

Abstract. The present work investigated the properties of rubber vulcanizates containing different nanoparticles (Cloisite 20A and Cloisite Na+)
and prepared using different sonication amplitudes. The results showed that a maximum improvement in tensile strength of more than 60% over
the reference sample was obtained by the nanocomposites containing 2 wt.% Cloisite 20A and 1 wt.% Cloisite Na+ and mixed with a maximum
amplitude of 270 µm. The modulus at 300% elongation increased by approximately 18% and 25% with the addition of 2 wt.% Cloisite 20A and
3 wt.% Cloisite Na+, respectively. The shape retention coefficient of rubber samples was not significantly affected by the mixing amplitude,
while the values of the softness measured at the highest amplitude (270 µm) were higher compared to those of mixtures homogenized with
lower amplitudes. The loading-unloading and loading-reloading processes showed similar trends for all tested nanocomposites. However, they
increased with increasing levels of sample stretching but were not significantly affected by filler content at a given elongation. More energy
was dissipated during the loading-unloading process than during the loading-reloading. SEM micrographs of rubber samples before and after
cycling loading showed rough, stratified, and elongated morphologies. XRD results showed that elastomeric chains were intercalated in the
MMT nanosheets, confirming the improvement of mechanical properties. The difference between the hydrophilic pristine nanoclay (Cloisite
Na+) and organomodified MMT (Cloisite 20A) was also highlighted, while the peaks of the stretched rubber samples were smaller, regardless
of the rubber composition, due most probably to the decrease of interlayer spacing.

Key words: rubber nanocomposites; physical properties; Mullins effect; morphology.

1. INTRODUCTION
Due to their excellent elasticity, damping properties, shape re-
tention, and weather resistance, elastomeric materials are used
in various applications including the automotive industry, trans-
port, building, thermal and electrical properties. However, their
low stiffness makes them not always suitable for industrial ap-
plications. The addition of solid particles leads to improved ma-
terial properties that make them more versatile for applications
such as tires and machinery supports [1–3].

Due to outstanding properties, elastomer nanocomposites
have attracted great interest in the last few decades [4–10].
The addition of a small amount of nanofillers significantly im-
proves the mechanical, thermal, and flame retardancy of elas-
tomers [4–6].

Nanocomposites were prepared by melting process [11–13],
latex compounding [14, 15], and solution method [16, 17].
Lopez-Manchado et al. [11] prepared natural rubber (NR)
nanocomposites containing modified bentonite by using the
vulcanization method. The degree of crosslinking increased in
the presence of the organoclay as confirmed by the accelerated
vulcanization reaction results. However, polybutadiene rubber
nanocomposites were prepared by Kim et al. [12] by using the
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melting mixing method. The obtained results showed that the
tensile strength and the abrasion resistance of the nanocompos-
ite were far superior to those of the unmodified rubber. Rebound
resilience, compression set, and abrasion resistance were also
increased. The improvement of the mechanical properties was
attributed to intercalated rubber chains in the nanoclays inter-
layers.

Although relatively more complex, the latex mixing tech-
nique was used by Mitra et al. [15] to prepare nanocompos-
ites based on natural rubber (NR) and styrene butadiene rubber
(SBR) with unmodified montmorillonite clay (MMT Na+). Re-
sults showed that the addition of 6 phr MMT improved the ten-
sile strength and Young’s modulus by 55% and 200%, respec-
tively, in comparison with unfilled NR. Moreover, SBR-based
nanocomposites exhibited improved mechanical properties and
thermal stability.

Nanocomposites based on isobutylene-isoprene rubber were
prepared by Liang et al. [17] using solution and melting meth-
ods. Mechanical and barrier properties were improved, due to
the very good dispersion of nanoparticles. Moreover, the prop-
erties of the nanocomposites prepared by the solution method
were superior to those obtained by the melt method.

As rubber nanocomposites are often used in applications
where cyclic loadings are applied, research was conducted to
investigate the stress softening during cyclic loading of filled
rubbers, known as the Mullins effect [18–25]. A complete anal-
ysis of this phenomenon is very useful for the long-term safe
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use of rubber materials. Due to the differences between the
composites as well as the difficulties encountered in highlight-
ing their microscopic structures, it remains very difficult to
propose a unique interpretation of the Mullins effect. The in-
terpretations that were advanced to explain the stress soften-
ing of filled rubbers include chain disentanglements which re-
sulted in a decrease in the effective cross-link density [18–22],
chain breakage at the interface between the rubber and the
fillers [23–26], sliding of the short rubber chains [20, 27–29],
and destruction of the filler aggregates [18, 30, 31]. However,
Marckmann et al. [32] stipulated that the rupture of chain-filler
and chain-chain bonds occurs during the stretching of rubber
samples.

The purpose of the present study was to investigate the effect
of montmorillonites on the mechanical properties and Mullins
effect of rubber nanocomposites. It is expected that the cycling
loading will be attenuated by the presence of nanoclays in the
rubber materials.

2. EXPERIMENTAL
2.1. Materials
The following main raw materials were used to prepare rubber
nanocomposites. The proportions are given in Table 1.
• KER®N-29 Rubber – acrylonitrile-butadiene rubber, ob-

tained from Synthos Rubbers, Oświęcim, Poland;
• SVR-3L Natural Rubber – from Dau Tieng Rubber Corpo-

ration, Vietnam;

Table 1
Composition of rubber mixtures based on KER N-29 and SVR-3L

rubbers and other ingredients (The weight in the mixture
is expressed in kgs)

MMT content
(wt.%)

0 1 2 3

KER N-29 Rubber 1.200

SVR-3L Rubber
Zinc oxide

0.200
0.150

Glyceryl tristearate /
Stearin

0.030

Dispersion Cloisite
(20A or Na+)

+ Santacizer 261A
–

0.012
+

0.040

0.024
+

0.080

0.036
+

0.120

Santicizer 261A 0.200 0.160 0.120 0.080

Brown factice 0.300

Chalk 0.800

Wax 0.030

Aflux 0.010

Accelerator T 0.008

Accelerator DM 0.020

Sulphur 0.008

Total weight 2.956 2.968 2.980 2.992

• Zinc oxide – (Huta Będzin, Będzin, Poland);
• Glyceryl tristearate – (Poch S.A, Gliwice);
• Cloisite 20A – montmorillonite modified with quaternary

ammonium salts (dimethyl dihydrogenated tallow ammo-
nium cations);

• Cloisite Na+ – natural unmodified montmorillonite;
• Santicizer 261A – (phthalate alkyl (C7–C9) benzyl) – plas-

ticizer from Brenntag Co. Kędzierzyn Koźle, Poland;
• Accelerator T – used as an accelerator during vulcanization

of rubber from Rubber Industry, Miekinia, Blonie, Poland;
• Accelerator DM – dibenzothiazole disulfide from Radka

Company, Miękinia – Błonie, Poland;
• Sulphur – produced by Siarkopol, Tarnobrzeg, Poland.

2.2. Preparation of elastomer nanocomposites
A series of rubber mixtures were prepared with differ-
ent amounts (1 wt.%, 2 wt.%, and 3 wt.%) of montmoril-
lonite (Cloisite 20A and Cloisite Na+). First, montmorillonite
(MMT) dispersions were prepared with the plasticizer Santi-
cizer 261A, which were then mechanically mixed for 10 min-
utes at room temperature followed by ultrasonic homogeniza-
tion with a Hielscher model UP200H (under different ampli-
tudes: 162 µm, 216 µm, and 270 µm) for 15 minutes. The plas-
ticization of the mixtures was carried out in two industrial roller
mills at 50–60◦C for 10 minutes. The other ingredients were
then incorporated and mixed together. The vulcanization pro-
cess was carried out for 15 minutes using a press at tempera-
tures between 150 and 160◦C and a pressure of 10 MPa (Fig. 1).

Fig. 1. Steps for the preparation and evaluation of properties of rubber
nanocomposites
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The vulcanizates were left to cool in the moulds, then the sam-
ples of defined shapes and sizes were cut out for further testing.

2.3. Evaluation of rubber sample properties
The tensile strength and strain at break were evaluated on
dumbbell-shaped specimens according to PN-ISO 37:2007 and
a deformation rate of 200 mm/min with an Instron machine.

The Shore A hardness test of the elastomer samples was car-
ried out at room temperature on disks 10 mm thick and 100 mm
in diameter in accordance with PN-80/C-04238.

The softness of the samples was determined at room tem-
perature by using the Shopper method according to PN-54/C-
04249 Rubber. The measurement employed a metallic ball with
a diameter of 10 mm and a load of 10.3 N. The softness of the
vulcanizates was calculated from the formula:

H =
10.3

π ×h×D
, (1)

where: H – softness, (N/m2); h – the defection of the sample,
(m); D – ball diameter (= 0.01 m).

The shape retention coefficient also known as the elastic re-
covery was determined based on measurements of the sample
deformation after compression at room temperature, in accor-
dance with the PN-ISO 815:1998 standard. The tests were car-
ried out using the Zwick/Roell Z010 testing machine on cylin-
drical samples with a diameter of 32 mm. The shape retention
coefficient (KS) was calculated using the following equation:

Ks =
h2 −h1

h0 −h1
, (2)

where: KS – shape retention coefficient, (−); h0 – sample height
before the test, (mm); h1 – sample height when compressed by
20% of its height, (mm); h2 – sample height 5 minutes after the
end of the measurement, (mm).

The Mullins effect was evaluated on rubber specimens which
were subjected to a sequence of cyclic tensile tests with increas-
ing maximum pre-strains of 100% at each cycle. The test was
performed using a universal Instron machine at room tempera-
ture and a crosshead head speed of 50 mm. min−1.

2.4. Structure and morphology characterization
The morphology of the rubber samples was analyzed with a No-
vaNano SEM 450 microscope (The Netherlands, FEI com-
pany). The elemental microanalysis was performed by the Oc-
tane SSD (area 30 mm2) EDX (energy-dispersive X-ray) detec-
tor (AMETEC, Inc.). Images were taken using an ETD (topo-
graphic contrast) and CBS (material contrast) detector at accel-
erating 5 kV and 15 kV voltages, respectively.

X-ray diffraction (XRD) tests of nanocomposite samples
were performed using a diffractometer MiniFlex600 (Japan,
RIGAKU) with Co cathode and a scanning speed of 6?/min.
The voltage and emission current were set at 40 kV and
30 mA, respectively. The wavelength of used radiation is
λ (CoKα1,2) = 0.179 nm.

3. RESULTS AND DISCUSSION
Figure 2 shows the tensile strength (TS) of rubber composites
containing different amounts of montmorillonite (MMT) and
mixed with a maximum sonication amplitude of 270 µm. It was
shown that TS increased then decreased with increasing MMT
content, and the maximum improvement in TS of approxi-
mately 65% and 60% over the reference sample was achieved
with 2 wt.% Cloisite 20A and 1 wt.% Cloisite Na+, respec-
tively. However, an increase of about 10% (which is within the
experimental error range) was obtained with 1 wt.% of Cloisite
Na+. The improvement in tensile strength can be attributed to
the intercalation/exfoliation processes of nanoparticles in the
rubber nanocomposites as confirmed elsewhere [15, 33]. The
occurrence of such processes generally results in increased
interlayer spacing and, consequently the enhancement of the
nanocomposite performance properties.

Fig. 2. The effect of montmorillonite (Cloisite 20A and Cloisite Na+)
content on the stress at break of rubber samples prepared with a mixing

amplitude of 270 µm

The effect of montmorillonite type and content (Cloisite 20A
and Cloisite Na+) on the tensile strength (TS) of rubber com-
posites homogenized with amplitudes of 216 µm and 162 µm
is shown in Figs. 3 and 4, respectively. From the results of
Fig. 3, it can be seen that an increase of approximately 55%
and 35% (compared to the rubber sample without nanoparti-
cles) was obtained with the rubber nanocomposites containing
2 wt.% Cloisite Na+ and 1 wt.% Cloisite 20A, respectively.

Fig. 3. The effect of montmorillonite (MMT – Cloisite 20A and
Cloisite Na+) content on the tensile strength (TS) of rubber samples

prepared with mixing amplitudes of 216 µm

Bull. Pol. Acad. Sci. Tech. Sci., vol. 71, no. 5, p. e147059, 2023 3



A. Białkowska, M. Przybyłek, M. Sola-Wdowska, M. Masař, and M. Bakar

However, in the case of the lowest mixing amplitude (Fig. 4),
the only increase in TS was exhibited by the rubber nanocom-
posites based on Cloisite Na+ with a maximum reaching 30%
at 3 wt.% of nanoclay. In addition, it should be noted that the
strength of the rubber samples containing Cloisite Na+ was no
higher than that of the Cloisite 20A-based samples. Also, as ex-
pected, the lowest sonication amplitude associated with lower
energy delivered to the systems does not lead to better mix-
ing and thus improved properties. The improvement in tensile
strength of rubber nanocomposites can be caused by the exfo-
liation and/or intercalation of the nanoparticles, as is the case
with other polymer nanocomposites [6, 17, 34]. On the other
hand, the decrease in properties is generally explained by the
agglomeration of the nanoparticles.

Fig. 4. The effect of montmorillonite (MMT – Cloisite 20A and
Cloisite Na+) content on the tensile strength (TS) of rubber samples

prepared with mixing amplitudes of 162 µm

It is well known that ultrasonic processing leads to increased
efficiency in mixing and nanoparticle dispersion. In addition,
a higher sonication amplitude provides more energy to the sys-
tem, which facilitates an efficient disaggregation of the clay lay-
ers, and thus the formation of exfoliated nanocomposites with
improved properties.

The strain at break of rubber samples prepared with a mixing
amplitude of 270 µm is shown in Fig. 5 as a function of mont-
morillonite content. A slight increase in strain at break was ex-

Fig. 5. The effect of montmorillonite (Cloisite 20A and Cloisite Na+)
content on the tensile strain at break of rubber samples prepared with

mixing amplitudes of 270 µm

hibited only by nanocomposites containing 1 wt.% of Cloisite
Na+ or 2 wt.% of Cloisite 20A, most probably due to strong
bonding between the nanoparticles and the rubber chains.

Table 2 shows the effect of montmorillonite content on the
stiffness of rubber vulcanizates as expressed by the modulus at
300% elongation. It can be observed that the modulus values of
the samples homogenized with mixing amplitudes of 162 µm
or 216 µm were lower by 20% than that obtained with the high-
est amplitude (i.e. 270 µm). Moreover, the modulus measured
at a mixing amplitude of 270 µm increased with increasing
amount of added MMT Cloisite 20A. A maximum increase in
modulus of about 18% and 25% was obtained with the addition
of 2 wt.% of Cloisite 20A and 3 wt.% of Cloisite Na+, respec-
tively.

Table 2
The effect of montmorillonite (Cloisite 20A and Cloisite Na+) content
and mixing amplitudes on the values of modulus at 300% elongation

Cloisite 20A Cloisite Na+

Mixing
amplitude,

(µm)

MMT
content,

(%)

Modulus
at 300%,

(MPa)

Mixing
amplitude

(µm)

MMT
content

(%)

Modulus
at 300%,

(MPa)

– 0 1.83 – 0 1.83

270
1
2
3

2.59
2.71
2.68

270
1
2
3

2.17
2.32
2.85

216
1
2
3

2.29
2.20
1.89

216
1
2
3

1.74
2.00
1.95

162
1
2
3

2.44
2.41
2.57

162
1
2
3

2.97
2.01
2.06

However, rubber nanocomposites containing 3 wt.% Cloisite
Na+ showed an increase of about 25% in modulus compared
to the reference sample. At the lowest mixing amplitude (i.e.
162 µm corresponding to 60% of the maximum amplitude), the
highest value of the modulus was exhibited by rubber nanocom-
posite based on 1 wt.% of Cloisite Na+.

The values of the coefficient of shape retention and softness
of vulcanizates are shown in Table 3 as a function of montmoril-
lonite content and ultrasonic amplitude of mixing. Crosslinked
rubber generally offers good shape retention properties. The
rubber samples contained 1, 2, and 3 wt.% of Cloisite 20A or
Cloisite Na+ and were mixed with different sonication ampli-
tudes (270, 216, and 162 µm). It can be noted that the coeffi-
cient of shape retention of rubber samples was not significantly
affected by the highest mixing amplitude (270 µm) and the in-
termediate one (i.e. 216 µm which is equivalent to 80% of the
maximum amplitude), regardless of the amount of added mont-
morillonite (MMT).

However, the softness values of the nanocomposite samples
mixed with an amplitude of 162 µm were significantly lower
than those homogenized at amplitudes of 216 µm or 270 µm.
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Table 3
The shape retention coefficient of the tested compositions and softness
of vulcanizates as the function of the amount and type of montmoril-

lonite (Cloisite 20A, Cloisite Na+) and the amplitude of mixing

MMT
content,

(%)

Coefficient of shape
retention Ks, (–)

Softness, (MN/m2)

Amplitude of mixing, (µm)

270 216 162 270 216 162

0 0.99 0.99 0.99 0.57 0.57 0.57

Cloisite
20A

1 0.94 0.93 0.80 0.56 0.58 0.29

2 0.96 0.98 0.91 0.57 0.58 0.28

3 0.98 0.98 0.94 0.58 0.61 0.28

Cloisite
Na+

1 0.98 0.96 0.93 0.56 0.40 0.24

2 0.98 0.95 0.94 0.57 0.39 0.26

3 0.96 0.98 0.93 0.56 0.38 0.27

The decrease in the softness for all rubber nanocomposites was
between 48% and 58%, compared to the reference sample. The
highest sonication amplitude (i.e. 270 µm) which induced the
best tensile strength and modulus at 300% elongation of rubber
samples was selected for Mullins effect tests.

The hardness of virgin rubber vulcanizate (43 Shore A) in-
creased by approximately 10% with Cloisite 20A and remained
unchanged with the addition of Cloisite Na+.

As schematically shown in Fig. 6, the Mullins effect con-
sists of loading-unloading tests of rubber samples each time at
a higher level of elongation after each cycle. The unstretching
of the sample occurs at lower loads and the load required to
re-stretch the sample is lower than during the previous load. It
can be observed that changes occur in the mechanical response
of the sample after being loaded, unloaded, and reloaded.
The sample becomes softer after each loading-unloading cycle
probably due to the breaking of the bonds between the rubber
and the nanofillers. Various studies confirmed that the Mullins
effect existed in both the virgin rubber as well as filled rubber
system [20, 25]. Although the Mullins effect has been studied
for several decades, there are still unclear aspects of this phe-
nomenon and the properties of rubber nanocomposites.

Fig. 6. The presentation of loading-unloading reloading cycles of
a rubber sample containing 1 wt.% of Cloisite Na+ and showing

Mullins effect

Figure 7 shows a schematic presentation of the loading-
unloading cycles of a rubber sample showing the Mullins ef-
fect. The difference between the stored elastic energy during the
sample loading and its release elastic energy during its unload-
ing is related to deformation of the system. The sample exhibits
a residual strain or permanent set after unloading.

Fig. 7. Schematic presentation of loading-unloading cycles of a rubber
sample showing Mullins effect

However, Fig. 8 illustrates a schematic presentation of the
difference between the stored elastic energy during the loading
and reloading processes. It was reported that the energy dur-
ing the loading followed by reloading depends on the struc-
ture of the rubber, mainly its degree of crosslinking as well
as the characteristics of the nanofillers [25, 30]. According to
Li et al. [35], the softening of rubber samples depends on sev-
eral factors such as test temperature, type and content of filler,
crosslinking agent, and loading and unloading speed. The un-
loading curve was always below the reloading one, due to the
damage to the rubber structure during the loading process.

Fig. 8. The difference between the stored elastic energy during
loading-reloading processes

Table 4 contains the difference between the stored elastic en-
ergy during loading and released energy during unloading of
the rubber samples at maximum mixing sonication amplitude
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(i.e. 270 µm). The energy losses associated with each recovery
hysteresis at a fixed crosshead speed are analyzed as a func-
tion of sample elongation. It can be observed that the energy
loss for each composite increased with the increase in the level
of sample stretching. However, it was not significantly affected
by increasing filler content at a given elongation. The recovery
hysteresis involves small deformations of the rubber phase in
the nanocomposites as reported elsewhere and/or breakage of
bonds between the rubber phase and nanoparticles. However, it
has been shown that the softening of samples stretched at room
temperatures can be recovered at higher temperatures or after
a longer standing time.

Table 4
Energy (J) between the loading and subsequent unloading

(at amplitude 270 µm)

MMT
content,

(%)

Elongation, (%)

100 200 300 400 500 600 700

– 0 0.09 0.28 0.43 0.65 0.97 1.30 –

Cloisite
20A

1 0.09 0.29 0.49 – – – –

2 0.11 0.31 0.51 0.80 1.17 – –

3 0.11 0.35 0.59 0.90 1.27 – –

Cloisite
Na+

1 0.12 0.30 0.46 0.67 1.29 1.69

2 0.11 0.31 0.47 0.75 1.73 –

3 0.09 0.27 0.45 0.66

0.97 

1.03 

0.96 – –

The difference between the stored elastic energies for
loading-reloading cycles at a sonication amplitude of 270 µm is
shown in Table 5. Similarly to the results in Table 4, the energy
values increased with the growing level of sample stretching,
while they were not affected by the amount of added nanoparti-
cles. It is seen that the energy is lower than that of recovery hys-
teresis (Table 4). Moreover, the energy involved in the loading-

Table 5
Energy (J) between the loading and the reloading processes

(at amplitude 270 µm)

MMT
content,

(%)

Elongation, (%)

100 200 300 400 500 600 700

0 0.07 0.17 0.22 0.35 0.53 0.74 –

Cloisite
20A

1 0.06 0.19 0.27 – – – –

2 0.08 0.19 0.28 0.44 0.67 – –

3 0.07 0.19 0.33 0.47 0.70 – –

Cloisite
Na+

1 0.06 0.17 0.25 0.37 0.53 0.69 0.93

2 0.07 0.19 0.27 0.37 0.88 0.98 –

3 0.06 0.18 0.26 0.39 0.55 – –

unloading is higher than that of the loading-reloading process,
due to the damage of the rubber structure.

It was confirmed that the rubber matrix and the interfacial
region show different softening behaviors and that the recov-
ery of the nanocomposite comes mainly from the recovery of
the interfacial region because the rubber matrix takes longer to
recover [24].

Figure 9 shows the micrographs of rubber samples before and
after cycling loading. The fracture surface of rubber vulcanizate
without nanofiller (designated by “0”) is rough and more strat-
ified. However, as expected the samples exhibited elongated
and rough morphologies after stretching. The roughness of frac-
tured surfaces was induced by added solid nanoparticles which
showed strong interfacial adhesion with the rubber phase, as re-
ported elsewhere [36]. The lack of changes in the morphology
can be due to the recovery of samples with time as reported in
the literature [37–40].

Fig. 9. Micrographs of rubber samples before and after cycling
loading

Figure 10 shows XRD diagram of rubber samples before
and after cycling stretching. Rubber samples before stretching
without nanoclays, those containing 2 wt.% Cloisite 20A and
1 wt.% Cloisite Na+ are denoted “O”, “20A” and “Na” respec-
tively.

The stretched samples are denoted respectively by “HO”,
“H20A” and “HNa”. The X-ray diffraction (XRD) patterns of
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Fig. 10. XRD of rubber nanocomposite samples

rubber samples before and after cycling stretching are shown
in Fig. 9. Rubber samples before stretching without nanoclays,
and those containing 2 wt.% Cloisite 20A and 1 wt.% Cloisite
Na+ are denoted “O”, “20A” and “Na”, respectively. The
stretched samples are denoted by “HO”, “H20A” and “HNa”,
respectively. The results confirmed that elastomeric chains are
embedded in the MMT nanosheets, leading to the intercalation
process, responsible for the improvement of mechanical prop-
erties. The difference between the hydrophilic pristine nanoclay
(Cloisite Na+) and organomodified MMT (Cloisite 20A) is also
highlighted. Moreover, the peaks of stretched rubber samples
are smaller, regardless of the rubber composition, due most
probably to the decrease of interlayer spacing as represented
in Fig. 11.

Fig. 11. Stretching of intercalated and exfoliated nanocomposite
samples

The stretching of the sample conducts to the straightening
of rubber chains and nanoplatelets and thus to the decrease of
interlayer distance.

4. CONCLUSIONS
From the obtained results it can be stated that:

The nanocomposites containing 2 wt.% Cloisite 20A and
1 wt.% Cloisite Na+, and blended with a maximum ampli-
tude of 270 µm showed a maximum improvement in tensile
strength of more than 60% compared to the sample of refer-
ence. The modulus at 300% elongation increased by approxi-
mately 18% and 25% with the addition of 2 wt.% of Cloisite
20A and 3 wt.% of Cloisite Na+, respectively.

The mixing amplitude did not affect the shape retention of
rubber samples, while the values of the softness measured at
the highest amplitude (270 µm) were higher compared to those
of mixtures homogenized with lower amplitudes. The hardness
of the rubber samples did not change significantly with the ad-
dition of Cloisite Na+ or Cloisite 20A.

Results from Mullins tests indicated that the energy loss dur-
ing the loading-unloading or loading-reloading processes had
similar trends for all nanocomposites. They increased with in-
creasing levels of sample stretching, while they were not signif-
icantly affected by filler content increase at a given elongation.
More energy was dissipated during the loading-unloading pro-
cess than during the second process.

SEM micrographs of rubber samples before and after cycling
loading showed rough, stratified, and elongated surfaces. XRD
results showed that rubber chains are embedded in the MMT
nanosheets, confirming the occurrence of the intercalation pro-
cess, responsible for the improvement of mechanical proper-
ties. The difference between the hydrophilic pristine nanoclay
(Cloisite Na+) and organomodified montmorillonite (Cloisite
20A) was also confirmed. The peaks of stretched rubber sam-
ples were smaller, regardless of the rubber composition, due to
the decrease in interlayer spacing.
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