
1. Introduction
Natural rubber (NR) is not used as an engineering
product unless it is cross-linked and reinforced with
fillers. Aside from achieving appropriate perform-
ance characteristics for end-use applications, incor-
porating a filler is a simple, effective, and generally
inexpensive method for enhancing the properties of
rubber products [1–4]. Various types of filler have
been applied in rubber composites, with carbon
black and silica being the most widely used fillers in
the rubber industries [1, 2].
Recently, the use of sepiolite as filler in rubber com-
posites has been the subject of research due to the
unique structure of sepiolite, allowing for the

enhancement of mechanical, thermal, and barrier
performance of composites [5–7]. Sepiolite, a natu-
rally occurring material, is a hydrous magnesium sil-
icate with the conceptual unit cell formula of
Si12Mg8O30(OH,F)4∙(H2O)4∙8H2O. It is a 2:1 phyl-
losilicate structural family having a fibrous morphol-
ogy with a length of about 0.2–4 µm. The structure
of the sepiolite has a tunnel-like micropore channel
and has silanol groups (Si‒OH) at the edges of the
tunnel, allowing for effective adsorption and im-
proved interaction with the rubber matrix [8, 9].
It has been reported that incorporating sepiolite by
milling technique enhanced the properties of the
composites, such as curing, mechanical, thermal,
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swelling, flammability, and morphological proper-
ties [5]. Di Credico et al. [10] have prepared NR/se-
piolite composites by using the latex-compounding
technique and found that this approach provided
more uniformity of sepiolite distribution in the rub-
ber matrix. The dynamic mechanical properties of
NR/sepiolites were greater than those of composites
prepared using the conventional milling approach.
However, the mechanical properties, i.e., tensile
and curing properties, were not reported. Recently,
Hayeemasae et al. [7] have investigated the effect of
sepiolite addition procedures (mill and latex mixing
approaches) on the properties of the NR/sepiolite
composites. They have discovered that the conven-
tional milling method improved composite proper-
ties due to better rubber–filler interactions attributed
to the nature of sepiolite, which does not swell in
water like other types of clay.
To our best knowledge, the effect of vulcanizing
agents on the properties of NR/sepiolite composites
has not been reported. Since the sepiolite contained
Si‒OH groups on its surface, determining the best
vulcanizing agents for this composite is of interest.
In this study, the NR/sepiolite composites containing
three different vulcanizing agents, namely, sulfur,
peroxide, and phenolic resin, were prepared. Ther-
momechanical and tensile properties were investi-
gated using temperature scanning stress relaxation
(TSSR) and tensile test. The microstructure changes
were investigated using small-angle and wide-angle
X-ray diffraction (SAXS, WAXS). The dispersion of
sepiolite filler was examined by using a scanning
electron microscope (SEM), and Fourier-transform
infrared spectroscopy (FTIR) was used to clarify the
interaction between NR and filler. The possibility of
properties enhancement for various composites was
discussed.

2. Experimental setup
2.1. Materials
NR-graded STR 5L was supplied by Chalong Con-
centrated Natural Rubber Latex Industry Co., Ltd.,
Songkhla, Thailand. Zinc oxide (ZnO, 99%) was
purchased from Global Chemical Co., Ltd., Samut
Prakan, Thailand. Stearic acid was purchased from
Imperial Chemical Co., Ltd., Bangkok, Thailand. Se-
piolite clay, having the main compositions of [wt%];
SiO2 (55%), Al2O3 (15%), Fe2O3 (3%) with traces
of water, was produced by Guangzhou Billion Peak
Chemical Technology Co., Ltd., Guangzhou, China.

The sulfur (S, 99%) cross-link agent and its acceler-
ator, dibenzothiazole disulfide (MBTS, 96%), were
supplied by Siam Chemical Co., Ltd., Samut Prakarn,
Thailand, and Shanghai Rokem Industrial Co., Ltd.,
Shanghai, China, respectively. Dicumyl peroxide
(DCP, 40%) crosslinker and its coagent, triallyl iso-
cyanurate, (TAIC, 98%), were purchased from
Wuzhou International Co., Ltd., Shenzhen, China, and
Sigma-Aldrich, Inc., Missouri, USA, respectively.
Phenolic resin cross-link agent containing methylol
content of 6.0–9.0% (HRJ-10518) and its catalyst,
stannous chloride (SnCl2, 98%), were supplied by
Schenectady International Inc., New York, USA, and
KemAus, New South Wales, Australia, respectively.

2.2. Rubber composite preparation 
NR and NR/sepiolite composites with various vul-
canizing agents, including sulfur (S), peroxide (P),
and phenolic resin (Ph), were prepared using a lab-
oratory-size internal mixer (Plastograph EC, Braben-
der GmbH & Co., Duisburg, Germany) with a mix-
ing chamber of 55 cm3. The chemical ingredients
listed in Table 1 were added in the order shown in
Figure 1. The NR with and without stearic acid and
ZnO were initially mixed for 3 min in an internal
mixer at a rotor speed of 60 rpm and 40 °C of mixer
temperature. It should be noted here that stearic acid
and ZnO were used as activators for the S cross-link
system. After that, the sepiolite filler was added to
the mixture and mixed for 5 min. Next, the curing
promotor (MBTS, TAIC, or SnCl2) was fed to the
mixing chamber and allowed to mix for 1 min. Fi-
nally, a curing agent (S, DCP, or Ph) was added to
the mixture and mixed for 1 min. After completion
of the mixing with a total mixing time of 10 min, the
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Table 1. Compound formulations for NR and its composite
compounds.

Chemicals
Quantity

[phr]
S-Sep 10 P-Sep 10 Ph-Sep 10

NR 100 100 100
Stearic acid 1
ZnO 3
Sepiolite clay 0 and 10 0 and 10 0 and 10
MBTS 1.5
S 1.5
TAIC 1.5
DCP 1.5
SnCl2 1
Phenolic resin 10



rubber compounds were then cross-linked through
compression molding (SLLP-50, Siam Lab, Non-
thaburi, Thailand) at 160 °C, following their respec-
tive curing times (t90) to obtain 1 mm thick cross-
linked sheets. The NR composite containing 10 phr
sepiolite samples cross-linked with sulfur, peroxide,
and phenolic resin systems were noted as S-Sep 10,
P-Sep 10, and Ph-Sep 10, respectively, while their
unfilled counterparts were indicated as S, P, and Ph,
respectively.

2.3. Rubber composite characterization
2.3.1. Curing properties
The curing characteristics of rubber compounds were
determined using a moving die rheometer (MDR
3000 Basic, Montech, Buchen, Germany) at 160 °C.
The minimum torque (ML), maximum torque (MH),
torque difference (MH ‒ ML), scorch time (tS1), and
cure time (t90) parameters were reported.

2.3.2. Fourier-transform infrared spectroscopy
(FTIR)

Attenuated total reflectance–Fourier-transform in-
frared (ATR-FTIR) spectra of all samples were char-
acterized using a Spotlight 200i spectrometer (Perkin
Elmer, Inc., Massachusetts, USA). Each spectrum
was recorded with resolutions of 4 cm‒1 from 4000
to 400 cm‒1.

2.3.3. Thermomechanical properties and
cross-link density

The thermomechanical properties and cross-link
density of NR and its composites were measured
using the temperature scanning stress relaxation
(TSSR) meter, (Brabender, Duisburg, Germany). The

dumbbell-shaped test specimens (ISO 527, type 5A)
of NR composites and neat NR were placed in the
heating chamber and stretched for 50% at 23 °C.
After 2 hours, the specimens were subjected to a
nonisothermal test at a heating rate of 2 °C/min until
the specimens were ruptured.
The apparent cross-link density (ν) can be estimated
from the maximum slope in the initial part of the
stress temperature curve using the Equation (1) [11]:

(1)

where R is the universal gas constant, λ is the nom-
inal strain ratio, and κ is the temperature coefficient
of stress which can be defined as the derivative of
mechanical stress (σ) as a function of temperature
(T) as Equation (2) [11]:

(2)

where, from the theory of rubber elasticity, the σ is
directly proportional to the absolute T, and this rela-
tionship can be shown as Equation (3) [11]:

(3)

were, ρ denotes the mass density, R is the universal
gas constant, λ signifies the extension ratio (λ = L/L0,
where L and L0 are the final and initial length of the
sample, respectively), and Mc is the average molar
weight of the elastically active network chains,
which is inversely proportional to the ν of the net-
works according to the following correlations (Equa-
tion (4)):

(4)

By combining Equations (2) and (3), the value of ν
at constant strain can be finally calculated from the
slope of stress versus temperature as previously ex-
pressed in Equation (1).

2.3.4. Tensile properties  
The tensile properties, including stress at 100 and
300% strains, tensile strength, and strain at break of
the composites with and without sepiolite filler, were
determined at 500 mm/min according to ISO 37
(Type 2) using universal testing equipment, LR5K
Plus (Lloyd Instruments, West Sussex, UK). The
dumbbell-shaped test specimens with a thickness of
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Figure 1. Sequence of chemical addition.



2 mm and an overall length of test specimens of
75 mm were used in this study.

2.3.5. Microstructural properties
Microstructural changes, i.e., distribution of sepiolite
filler in the cross-linked samples and crystallization
during stretching, were investigated using small-/
wide-angle X-ray scattering, SAXS/WAXS measure-
ment. Moreover, SAXS and WAXS measurements
were performed at the BL1.3W:SAXS/WAXS, Siam
Photon Laboratory, Synchrotron Light Research In-
stitute, Nakhon Ratchasima, Thailand. The WAXD
and SAXS data were taken during continuous
stretching at a 500 mm/min crosshead speed. The
SAXSIT data processing program was employed to
normalize and rectify all WAXD and SAXS data.
The degree of crystallinity [%] corresponding to the
(200) plane was estimated using the Equation (5) [12]:

Crystallinity [%]  (5)

where Ac denotes the area below the 200 crystalline
peaks and Aa denotes the amorphous halo area. The
average crystallite sizes corresponding to (200)
planes were estimated from the Scherrer equation
[13] (Equation (6)):

Crystalline size (6)

where K is equal to 0.89, λ is the wavelength, β is
the half width at half height, and θ is the Bragg
angle.
Structural changes, e.g., dispersion of cross-link net-
work structures in NR and distributions of the filler
in the composites with different vulcanizing agents,
were analyzed by using SAXS measurements. Two-
dimensional (2D) SAXS images were background
corrected and then integrated to obtain the scattering

intensity (I) as a function of the scattering vector (q).
The q is defined as Equation (7):

(7)

where λ is the wavelength and 2θ is the scattering
angle.

2.3.6. Morphological properties
Scanning electron microscopy (SEM) (Quanta 400,
Thermo Fisher Scientific, Brno-Cernovice, Czech Re-
public) was used to analyze the dispersion of se-
piolite clay filler in the NR matrix containing various
vulcanizing agents. The samples were fractured in
liquid nitrogen before sputter coating with gold to
minimize electrostatic charge buildup during testing.

3. Results and discussion
3.1. Curing properties
The curing characteristics of NR and its composite
compounds with various cross-link agents are dis-
played in Table 2. It was seen that the ML, the indi-
rect indicator of a compound viscosity, MH, the mod-
ulus of fully cross-linked composites, and MH – ML,
the distinction between the shear moduli of cross-
linked and uncrosslinked composites, increased with
the incorporation of sepiolite clay filler. Because the
sepiolite has a high aspect ratio and surface area [9],
the high surface area of the filler provides a more fa-
vorable surface for the filler to interact with the poly-
mer chains for interacting with the rubber molecules.
Physical interactions between rubber chain segments
adsorbing on filler surfaces served as additional
cross-links in composites, restricting the rubbery
matrix chain mobility. Consequently, the stiffness of
the composites has been enhanced [14]. Aside from
the difference between the shear moduli before and
after cross-linked and composites, MH – ML can be
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Table 2. Minimum torque (ML), maximum torque (MH), torque difference (MH ‒ ML), scorch time (tS1), and cure time (t90)
of NR and its composites with different vulcanizing agents.

Sample Curing parameters
ML

[dN·m]
MH

[dN·m]
MH ‒ ML
[dN·m]

tS1
[min]

t90
[min]

S 3.90±0.01 17.12±0.03 13.22±0.02 1.59±0.00 06.04±0.01
S-Sep 10 4.10±0.01 18.36±0.06 14.26±0.06 2.97±0.11 09.44±0.07
P 3.09±0.02 21.65±0.03 18.56±0.01 0.60±0.03 11.82±0.01
P-Sep 10 3.61±0.01 23.61±0.02 20.00±0.02 0.71±0.03 14.47±0.03
Ph 3.73±0.01 20.82±0.02 17.09±0.01 0.93±0.50 16.03±0.03
Ph-Sep 10 3.80±0.05 22.51±0.02 18.71±0.02 0.88±0.03 15.91±0.08



determined the relative cross-link density of rubber.
The relative cross-link density of rubber composites
increased with the incorporation of sepiolite filler. In
the composite, the increase of cross-link density has
resulted from good rubber–filler interactions [15, 16].
tS1 and t90 indicate the commencement of vulcaniza-
tion and the time required to achieve 90% of the MH
value, respectively [17]. Except for the phenolic resin
system, tS1 and t90 of NR composites cross-linked
with sulfur and peroxide systems were longer than
those of the neat cross-linked NR counterparts. Such
observation can be attributed to the small fraction of
chemical cross-links being absorbed in the structural
tunnels of sepiolite [6, 18]. Considering the compos-
ite cross-linked with the phenolic resin system, both
tS1 and t90 were slightly reduced, implying that the
curing reaction occurred faster when the sepiolite
was added. This decrease was probably attributed to

the competitive interaction between phenolic resin
with rubber chains (cross-link reaction) and phenolic
resin with sepiolite filler, as will be discussed later.

3.2. Fourier-transform infrared spectroscopy
(FTIR)

Figure 2 depicts the FTIR spectra of pure sepiolite
and NR/sepiolite composites with different vulcan-
izing agents in the wavenumber range of 400–
4000 cm–1 (Figure 2a), 3000–4000 cm–1 (Figure 2b),
and 400–1200 cm–1 (Figure 2c). For comparison, the
spectra of their unfilled counterparts were also includ-
ed. From Figure 2a, the characteristic peaks at ap-
proximately 428, 469, and 535 cm–1 in pure sepiolite
were particularly assigned to Si–O–Si bending vibra-
tion, whereas the broadband centered at 1031 cm–1

corresponded to the stretching of Si–O [19]. The
band at 3690 and 3627 cm–1 were ascribed to the
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Figure 2. FTIR spectra of NR and its composites with different vulcanizing agents in the wavenumber range of a) 400–
4000 cm‒1, b) 3000–4000 cm‒1, and c) 400–1200 cm‒1.



OH groups in the octahedral sheet and the OH stretch-
ing vibration in the external surface of sepiolite, and
the broad peak centered at 3450 cm–1 in the range of
3600–3200 cm–1 was attributed to OH stretching of
the zeolitic water in the sepiolite channels [19, 20].
For the NR cross-linked with sulfur (S), peroxide (P)
and phenolic resin (Ph), the important characteristic
peak of cross-linked NR was found at 837 cm–1,
which was associated with the out-of-plane bending
vibration of C–H in the –CH=CH– group of cis-1,4-
unit [6, 21]. With the exclusion of the Ph sample, all
NR cross-linked with other systems did not exhibit
a peak in the bands between 4000 and 3000 cm–1

(Figure 2b). The peak at 3330 cm–1 found in the Ph
sample was attributed to –OH vibration of phenolic
resin [22]. Up on the addition of sepiolite to the NR,
the peak assigned to the OH stretching of sepiolite
(3690 cm–1) and –OH stretching from the zeolitic
water (3296 cm–1) were observed in all composites,
indicating the presence of sepiolite dispersion in the
rubber matrix. The phenolic resin cross-linked com-
posites (Ph-Sep 10) caught the attention since they
showed two peaks at 3430 and 3300 cm–1, while
these two peaks were not found in the composites
cross-linked with peroxide (P-Sep 10) and sulfur
(S-Sep 10) systems. When compared to those Ph, P,
and S-Sep 10 samples, it was more likely that the
–OH groups in Ph-Sep 10 had different chemical en-
vironments, indicating the probability of a hydrogen
bonding (H-bond) between the –OH groups of the
phenolic resin and the –OH groups of the sepiolite
filler.
Considering the peak at 428 cm–1 in different com-
posites (Figure 2c), a significant change was found
in the spectrum of the Ph-Sep 10 compared to those
of P-Sep 10 and S-Sep 10. The Ph-Sep 10 had a
shoulder and broad peak at 428 cm–1, whereas the
others had simply a single sharp peak. Additionally,
the broad peak at 1082 cm–1 due to C–O stretching
in phenolic resin found in the Ph sample was also
sharpened in Ph-Sep 10. These findings revealed that
the O–Si–O and C–O present in the Ph-Sep 10 had
different chemical environments when compared with
those of P-Sep 10, S-Sep 10, Ph, and pure sepiolite.
The OH group of phenolic resin (–CH2OH) in the
cross-linked precursor might chemically react with
the silanol group (–SiOH) located at the edges sur-
face of sepiolite. It is widely accepted that many
silanol groups (–SiOH) are located along the margins
of the sepiolite structure [8, 9], whereas the phenolic

resin contains a hydroxyl (–OH) as a functional
group. These two groups can interact with one other
at molding temperatures (160°C) via chemical bond-
ing between silanol groups (–SiOH) located at the
sepiolite edges and the OH group of phenolic resin,
resulting in a Si–O–C bond, whereas hydrogen bond-
ing is possible at low temperatures. According to the
reports [22, 23], the peak for the Si–O–C bond ap-
pears at 1085 cm–1, which may merge with the broad
peak at 1082 cm–1 in this study. The presence of both
the Si–O–C bond and the hydrogen bond was previ-
ously reported in composites composed of NR/clay
nanocomposites [22], epoxidized natural rubber-
(ENR-) silica [23], and ENR-sepiolite [24]. The
presence of additional hydrogen bonding at low tem-
peratures would result in the improvement of various
properties. These hydrogen bonds would not affect
the rheometer torque at vulcanization temperature
because they exhibited temperature-dependent be-
havior, i.e., they disintegrate at elevated tempera-
tures [25]. As a result, the t90 of Ph and Ph-Sep 10
were almost comparable. Figure 3 depicts a possible
interaction between the phenolic resin and sepiolite
through the formation of hydrogen bonding and the
Si–O–C bond. In addition to the cross-link reaction,
these interactions would serve as an extra cross-link-
ing point, resulting in faster scorch and cure times.

3.3. Thermomechanical properties and
cross-link density

Figure 4 illustrates the normalized force curves of
NR and its composites with different vulcanizing
agents as a function of temperature obtained from
temperature scanning stress relaxation (TSSR) meas-
urement. At temperatures of 30–50 °C, the initial
normalized force of all samples increased slightly
due to the entropy effect [26, 27]. A slight reduction
of force at 50–100 °C was probably due to the de-
tachment of physical bonding among rubber mole-
cules or between rubber and filler. At temperatures
above 100 °C, the force abruptly decreases toward
zero due to chain scission, and cleavage of network
bridges between rubber molecules caused by ther-
mo-oxidative reaction occurs [28]. Depending on the
cross-linked systems, the force at any given temper-
ature of cross-linked NR was shifted to a higher tem-
perature. In the case of sulfur cross-linked NR, the
decrement of force was found at a lower temperature
than those of peroxide and phenolic systems due to
lower bonding dissociation energy of the cross-linked
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generated by the sulfur system, i.e., monosulfidic
(C–S–C; 285 kJ/mol), disulfidic (C–S–S–C;
268 kJ/mol), and polysulfidic (C–S–Sx–C;
252 kJ/mol) [29, 30]. In contrast, the C–C bonds
generated from peroxide and phenolic systems pro-
vide a bear bonding energy of 344 kJ/mol, having
higher dissociation energy than those of sulfidic
cross-links [29, 31]. Therefore, the rubber cross-
linked with the sulfur system had a more readily net-
work bridge breakdown at elevated temperatures
than peroxide and phenolic systems.
Moreover, the incorporation of sepiolite slightly shift-
ed the force reduction toward higher temperatures

compared to their unfilled counterparts at 120–
170°C. This was attributed to the sepiolite acting as
a thermal insulator and as the mass transport barrier
to the volatile products generated during decompo-
sition [32]. The parameters obtained from TSSR
measurement in terms of initial stress (σ0) and the
temperature at which the force ratio was reduced to
10, 50, and 90% (T10, T50, and T90) concerning the
initial force value [11], are shown in Table 3.
Table 3 shows that T10, T50, and T90 of the NR were
enhanced by adding sepiolite due to the thermal in-
sulator characteristic of the filler, as previously
mentioned. Furthermore, the sepiolite filler may
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Figure 3. The probable mechanism of interactions between phenolic resin and sepiolite filler.

Table 3. Initial stress (σ0), the temperature at which the force
ratio was reduced to 10, 50, and 90% with respect
to the initial force value (T10, T50, and T90), and
cross-linked density (ν) of NR and its composites
with different vulcanizing agents.

Sample
TSSR parameters

σ0
[MPa]

T10
[°C]

T50
[°C]

T90
[°C]

ν
[mol/m3]

S 0.23 121.30 150.50 218.00 74.68
S-Sep 10 0.23 127.10 153.30 215.00 76.33
P 0.35 133.90 247.20 271.90 74.60
P-Sep 10 0.30 136.60 244.30 281.10 77.22
Ph 0.35 144.70 234.70 284.60 75.11
Ph-Sep 10 0.44 146.40 237.30 284.10 99.03

Figure 4. Normalized stress-temperature curves of NR and
its composites with different vulcanizing agents.



also adsorb some rubber chains, thereby retarding
softening of the composites. It should be noted here
that the T50 value in the P-Sep 10 was lower than in
its unfilled sample, which was most likely due to
poor dispersion and/or weak interaction between
rubber and filler, as discussed later in the morpho-
logical properties section.
Considering σ0 and cross-link density (ν) of various
samples, a significant improvement of both σ0 and
ν was observed in the Ph-Sep 10. Compared to their
counterparts, σ0 and ν for the phenolic resin cross-
linked NR/sepiolite composite were improved by
about 25 and 30%, respectively, while other sys-
tems showed only a minor improvement. This vast
improvement surely suggested the establishment of
an additional bonding network between the phenolic
and sepiolite fillers, retarding the motion of the rub-
ber chains and strengthening the materials. It should
be noted that the cross-link density of pure NR with
various vulcanizing agents ranged from 74 to
75 mol/m3, which was extremely low. As a result,
the initial cross-link density obtained from these
three systems can be assumed to be comparable and
worthy of further comparison. 
Figure 5 shows the time-dependent normalized stress
(F/F0) of NR and its composites with different vul-
canizing agents during isothermal stress relaxation.
This is an alternative approach to evaluating the rub-
ber–filler interaction. Moreover, strong interaction be-
tween filler particles and rubber chains usually retard-
ed the stress relaxation rate [7, 33]. Figure 5 shows
that all composite samples showed a linearly de-
creasing trend of stress over time. A decrease in steep
stress was observed in the S-Sep 10 and P-Sep 10
samples, implying that the molecular relaxation was

very fast in these two samples. A lower stress relax-
ation rate was observed in the Ph-Sep 10, implying
the stronger interaction between rubber and filler
presented in this sample. This could be due to the
formation of physical/chemical bonding between
phenolic resin-NR and sepiolite filler, as shown in
Figure 3.

3.4. Tensile properties
Figure 6 illustrates a typical stress-strain relationship
for the pure NR and NR composites with various
curing processes. Comparing to their unfilled coun-
terparts, incorporating sepiolite into the NR en-
hanced the stress at given strains, and the strain
where the steep increase of stress occurred was
found at much lower strains. This finding revealed
that introducing sepiolite increased the stress of NR,
lowering the point of strain at the stress upturn.
The tensile properties in terms of 100% modulus
(M100), 300% modulus (M300), tensile strength
(TS), and elongation at break (EB) are listed in
Table 4. The incorporation of sepiolite filler en-
hances the M100 and M300, which could be due to
the hydrodynamic effect arising from the inclusion
of rigid particles. The incorporation of sepiolite filler
reduced the mobility of the rubber chains, resulting
in more rigid, stiffer, and harder composites [34].
Additionally, an increase in the cross-linking density
created by rubber–filler interactions was also another
reason for the increase of the modulus [15], as pre-
viously suggested by MH – ML.
Likewise, the TS of the NR was found to increase with
the addition of sepiolite. Masa et al. [6] have ascribed
this improvement to a needle-like shape of sepiolite
with a high aspect ratio, which offered considerable
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Figure 5. Normalized stress during isothermal stress relax-
ation of NR and its composites with different vul-
canizing agents.

Figure 6. Representative stress-strain curves of NR and its
composites with different vulcanizing agents.



Fsurface area to contact with the rubber, allowing for
efficient stress transfer. Moreover, the rubber chains
that possess linear chains can fit into the tight chan-
nels in the structure of sepiolite, causing a high in-
teraction between sepiolite and NR [35].
It is worth highlighting that a massive increment in
tensile modulus and TS was again noticed in the
Ph-Sep 10 sample. The improvement of M100 and
M300 in Ph-Sep 10 was about 43 and 69%, respec-
tively, and the TS was about 78% compared to that
of its unfilled sample, while the other vulcanizing
agents (S-Sep 10 and P-Sep 10) showed only a slight
improvement that was less than 35%. Such signifi-
cant improvements noticed in the Ph-Sep 10 were at-
tributed to a strong interaction between sepiolite and
rubber due to the presence of phenolic resin, which
resulted in improved stress transfer efficiency be-
tween the rubber matrix and the filler, resulting in
greater modulus and TS. On the other hand, a slight
improvement in the other vulcanizing agents could
be attributed to the physical interaction between rub-
ber and sepiolite filler. As a result of total cross-link
density enhancement, the composites showed stiffer
vulcanizates, limiting the deformation of the com-
posites. Therefore, the EB of the composites was re-
duced.

3.5. Morphological properties
Scanning electron microscopic (SEM) analysis was
performed to understand better the dispersion of se-
piolite in an NR matrix comprising various vulcan-
izing agents. Figure 7 shows the micrographs of cryo-
fractured surfaces of NR/sepiolite composites with
various vulcanizing agents as observed through the
SEM technique. The cross-link agents were discov-
ered to have significantly impacted the dispersion of
sepiolite filler (lighter dispersed phases) in the rubber

matrix (darker background). The smallest size,
from 0.25 to 6.00 µm, with the most homogeneous
dispersion, was observed in the Ph-Sep 10 sample
(Figure 7c), which was slightly better than that of the
S-Sep 10 (Figure 7a).
The use of phenolic resin was presumably advanta-
geous because the OH group in the phenolic resin
may interact with the silanol groups (–SiOH) found
on the sepiolite edges filler, as revealed by FTIR,
causing homogeneity in sepiolite dispersion through-
out the rubber matrix. This would almost certainly
result in a significant improvement in the thermome-
chanical properties and mechanical properties of
Ph-Sep 10. Although the sepiolite dispersion in
S-Sep 10 and Ph-Sep 10 was slightly different, the in-
crease in TS of Ph-Sep 10 was nearly double that of
S-Sep 10 compared to their unfilled counterparts.
This significant improvement could only be achieved
through strong interaction between filler and rubber.
On the other hand, several agglomerates with the size
of about 0.50–20.00 µm with the poorest dispersion
were seen in the P-Sep 10 sample (Figure 7b). Such
large aggregation found in the P-Sep 10 would sure-
ly destroy adhesion between rubber and filler, which
may cause a reduction of mechanical properties, such
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Figure 7. SEM micrographs of a) S-Sep 10, b) P-Sep 10, and c) Ph-Sep 10.

Table 4. Tensile properties in terms of 100 and 300% mod-
ulus (M100 and M300), tensile strength (TS), and
elongation at break (EB).

Sample Tensile properties
M100
[MPa]

M300
[MPa]

TS
[MPa]

EB
[%]

S 0.66±0.03 1.29±0.10 10.42±0.01 766±19
S-Sep 10 0.70±0.07 1.67±0.01 14.04±2.08 688±80
P 0.63±0.01 1.72±0.04 8.21±0.81 497±12
P-Sep 10 0.78±0.04 2.08±0.09 11.02±0.68 490±11
Ph 0.61±0.02 1.49±0.14 11.90±0.14 606±14
Ph-Sep 10 0.87±0.01 2.52±0.08 21.19±0.72 588±13



as TS and EB of the composite samples. Poor dis-
persion of sepiolite in P-Sep 10 was probably attrib-
uted to part of the sepiolites being reaggregated dur-
ing the vulcanization process. The related mecha-
nism of this reaggregation is not clear at the moment.
To clarify the aggregation of sepiolite during vulcan-
ization, further investigation is required. However,
similar behavior has been found in sulfur-
crosslinked rubber/clay nanocomposites, and it was
suggested that because of some organic cations were
being ejected because of a probable reaction between
the intercalant and vulcanizing agents [36, 37].

3.6. Microstructural properties
Figure 8 shows representative two-dimensional (2D)
wide-angle X-ray scattering (WAXS) photographs
of the composite sample (Ph-Sep 10) before (0%
strain) and after deformation to 400% strain. Since
no strain-induced crystallization occurs, no reflec-
tion spot was found for the sample before stretching
(Figure 8a). When the strain-induced crystallization
took place while stretching, various reflection spots
were noticed due to the highly oriented crystal of NR
induced by the stretching (Figure 8b). The most in-
tense spots corresponded to different planes, i.e.,
(200), (201), and (120). Among various intense re-
flection spots, the variation in crystallography cor-
responding to the (200) plane was investigated to
evaluate the influence of sepiolite addition and types
of cross-link agents on the microstructures of NR.
Figure 9 shows the degrees of crystallinity corre-
sponding to the (200) planes of various cross-linked
NR and composites. The crystallinity of all samples
increased with increasing strain, proving that the
crystallization of the NR was caused by deformation-
induced crystallization. It is also seen that incorpo-
rating sepiolite filler increased the crystallinity of NR
in all cases, depending on their dispersion. A signifi-
cant enhancement of crystallinity was observed when

the NR composites were cross-linked by sulfur
and phenolic resin. As previously demonstrated in
Figures 7a and 7c, good sepiolite filler dispersion in
S-Sep 10 and Ph-Sep 10 significantly improved the
crystallinity of NR due to high numbers of interfacial
interactions (physical and/or chemical) between the
NR chains and the filler. The presence of interfacial
interactions would prevent the NR chain from mov-
ing, favoring alignment of the NR chains along the
stretching direction, and resulting in more crystallini-
ty [22, 38]. At the same strain, the crystallinity of Ph-
Sep 10 was greater than that of S-Sep 10 due to the
better interaction between rubber and filler phases.
On the contrary, these interactions would be very
limited in NR composites with poor filler dispersion
(Figure 7b), preventing the rubber chains from align-
ing and crystallizing. Thus, the overall crystallinity
of P-Sep 10 is not higher than that of unfilled rub-
bers. A reduction of crystallinity in NR composites
with poor dispersion was also reported [38].
One may argue that less complexity in peroxide
would provide a better change in crystallization
compared to other systems. However, the addition
of sepiolite makes the systems more complicated.
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Figure 8. 2D WAXS images of the composite sample a) before and b) after stretching.

Figure 9. Degree of crystallinity at various strains in the NR
and its composites with different vulcanizing
agents.



The introduction of filler in NR changes the stress
field, increases the local strain of the chain, and leads
to local heterogeneities [39]. Thus, the changes in
various properties were more complicated even in a
less complex peroxide system. In addition, the stain
at which the crystallization took place was found at
the lower strain in the composites, thus lowering the
strain where the stress upturn occurred in the stress-
strain curves when the unfilled samples were com-
pared (Figure 6). This was probably attributed to the
addition of the filler enhanced the network chain
density, reducing then the distance between the
cross-link points and shortening some rubber chains.
These shorter chains are responsible for enhancing
stain-induced crystallization at a small strain. Fur-
thermore, the physical interaction between the filler
and rubber chains is sufficient for improving the
strain-induced crystallization of the NR [40]. The
highest ability of strain-induced crystallization was
observed in the Ph-Sep 10, where the highest TS was
achieved. The strong rubber–filler interaction caused
by the phenolic resin and sepiolite filler could clarify
this phenomenon.
Considering the NR samples containing various vul-
canizing agents, it was found that the type of cross-
links formed in the rubber matrix has a significant
effect on the crystallization process during stretch-
ing, although their cross-link densities (Table 3)
were comparable. This suggested that the type of
cross-link formation and distance between two
cross-link points, as circled in Figure 10, could in-
fluence the strain-induced crystallization behavior.
As previously suggested in the vulcanized NR with
varied sulfur cross-link types (mono-, di- and poly-
sulfidic) [41], short monosulfidic, or disulfidic link-
ages could better restrict the movement of the rubber
chains compared to long polysulfidic linkages, ac-
celerating, and enhancing the crystallization process.
Therefore, the short and rigid structure of cross-links
induced from the peroxide system (Figure 10b) may

better constrain the NR chain mobility, facilitating
the orientation of the chains and thus enhancing the
crystallization process during stretching. The highest
crystallinity was found in the peroxide system, while
the lowest crystallinity was observed in the sulfur
system. It was reported that the NR cross-linked with
peroxide exhibited a higher degree of crystallinity
than the NR cross-linked with sulfur due to the per-
oxide system producing a more homogeneous net-
work structure than the sulfur system [42].
Figure 11 displays the variation of crystalline size cor-
responding to the (200) plane at various strains in the
NR and its composites with different vulcanizing
agents. The crystallite size varied from approximate-
ly 60 to 130 Å, depending on the strains and vulcan-
izing agents. All the unfilled samples and composites
showed a fluctuation in crystalline size with the vari-
ation in strains. It is believed that the strain-induced
crystallization process involves two competing
processes. Stretching, on the one hand, resulted in
crystallite generation and crystallite growth, while
on the other hand, declined crystallite formation and
disappeared the generated crystallites. These events
are thought to occur in a rubber matrix at random but
more or less correlatively [42]. These two phenomena
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Figure 10. Cross-link formation from a) sulfur, b) peroxide and c) phenolic resin systems.

Figure 11. Variation of crystallite size at various strains in
the NR and its composites with different vulcan-
izing agents.



may result in the fluctuation in crystallite size during
stretching. However, the changes in crystalline size
were very small in the Ph-Sep 10. Such observation
was probably attributed to the homogeneity of filler
dispersion with strong rubber–filler interaction. To
prove the homogeneity of filler dispersion in various
samples, the small-angle X-ray scattering technique
was applied.
Small-angle X-ray scattering (SAXS) measurements
of all samples were performed to investigate the

structures of the cross-link distribution and filler dis-
tributions [43]. A plot of the scattering intensity (I)
against the scattering vector (q) of NR and its com-
posites containing various vulcanizing agents is
shown in Figure 12. Figure 12a shows that the scat-
tering intensities of all unfilled NR with various vul-
canizing agents showed a strong upturn in the low q
region due to the heterogeneous network structures
in the vulcanizates created by cross-linking network
structures [44, 45]. Since the variation of scattering
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Figure 12. Correlation of the scattering intensity I with the scattering vector q for the a) unfilled NR samples and b) sulfur,
c) peroxide, and d) phenolic resin cross-linked NR and their composites.



intensities of all unfilled samples were not signifi-
cantly different, it can be assumed that the structure 
of cross-link networks with varied vulcanizing agents 
was almost similar. In the case of composites, there 
was a clear difference in scattering intensity between 
cross-linked NR and cross-linked composites. The 
SAXS intensity patterns for cross-linked composites 
displayed higher intensity than those of cross-linked 
counterparts (Figure 12b–12d). Therefore, the dif-
ference in the pattern of SAXS for cross-linked com-
posites should be attributed to the presence of sepi-
olite filler. The presence of sepiolite altered the local 
electron density, which SAXS can detect. Notably, 
the scattering intensity of P-Sep 10 was substantially 
higher than that of the corresponding unfilled sample 
(Figure 12c), owing to poor sepiolite dispersion in 
the NR matrix, as evidenced by SEM (Figure 7), 
which causes high electron density fluctuation. 
In contrast, the scattering intensity of the compos-
ites cross-linked with sulfur and phenolic resin 
(Figures 12b and 12d) remained nearly unaltered 
after the filler was added. Such phenomenon was at-
tributed to the homogeneous dispersion with the 
smallest dimensions of sepiolite in the rubber matrix, 
as previously confirmed by SEM investigation. The 
SAXS results matched well with those obtained 
from the SEM observation.

4. Conclusions
In this study, composites of NR filled with sepiolite
were prepared. The influence of several vulcanizing
agents, including sulfur, peroxide, and phenolic
resin, on the properties of the NR composites was
investigated. Compared to other vulcanizing agents,
the phenolic resin improved thermomechanical
properties with the lowest stress relaxation rate. The
highest tensile stress and TS were also achieved
when the phenolic resin was used as a crosslinker.
The enhancement was about 69% for tensile stress
at 300% strains and about 78% for the TS. Such sig-
nificant improvement was attributed to the homo-
geneity of small sepiolite dispersion with strong ad-
hesion between rubber and filler through the assis-
tance of phenolic resin, as suggested by FTIR. Such
strong interaction facilitated the strain-induced crys-
tallization process in the NR. The phenolic resin was
the best vulcanizing agent for preparing NR com-
posites containing sepiolite as filler.
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