
1. Introduction
Zinc oxide (ZnO) is regarded as the most efficient
activator due to its faster cure kinetics; by interacting
with sulfur and accelerators, ZnO forms zinc poly-
sulfide complexes that bond to rubber chains to pro-
duce a three-dimensional crosslinked structure [1, 2].
The ability of Zn2+ ions to form complexes is a cru-
cial aspect of the activation mechanism [3]. It highly
depends on its dispersion state in the rubber matrix,
crystalline structure, surface area, and particle size
[4, 5]. Traditionally, in rubber compounds, micron-
sized conventional ZnO is being utilized. The inad-
equate dispersion of micro-sized conventional ZnO
particles within the rubber matrix results in only a
limited amount of ZnO being able to react effectively
with other curing compounds. To compensate for this

limitation, a higher quantity of ZnO is typically
added to rubber compounds, which raises significant
environmental concerns due to its subsequent leach-
ing during rubber products’ production, application
and disposal stages [6, 7]. It has shown detrimental
effects on water quality and ecosystems, impacting
various plants, invertebrates, and fish in freshwater/
marine environments. Furthermore, excessive expo-
sure to Zn poses a particular threat to aquatic organ-
isms, disrupting their biochemistry [8]. In light of
these environmental and ecological concerns, reduc-
ing the amount of ZnO in rubber compositions is im-
perative while maintaining desired performance lev-
els [9, 10].
Various approaches have been proposed to ad-
dress these concerns. Among them, the use of ZnO
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nanoparticles was introduced first and gained signif-
icant interest because of the better dispersion in rub-
ber matrix due to its small size, high surface area (7–
10 m2/g.), and high surface-to-volume ratio, which
lead to increased curing efficacy [11–17]. Yang and
Xie [18] investigated the impact of particle size and
surface area on the Zn2+ release ratios from Zn par-
ticles. Nano ZnO releases more Zn2+ than micro ZnO;
the maximum ratios obtained were 85 and 60%, re-
spectively. This is due to the nanoparticles’ high sur-
face-to-volume ratio, which provides an abundance
of active zinc atoms on the surface. The same applies
to active ZnO having a higher surface area with high
Zn2+ ions accessibility. Active ZnO, with a surface
area of 35 m2/g, offers substantially more reaction
sites on the particle surface than conventional ZnO,
which possesses a surface area of 4.5 m2/g [19–21].
The high availability of Zn2+ ions on its surface re-
duced the ZnO amount in rubber compounds. Recent
studies explore the reduction of nano ZnO agglom-
eration tendency due to its smaller particle size with
the surface modification of ZnO nanoparticles [22–
26]. Qin et al. [27] modified nano ZnO with octy-
lamine and the octylamine modifier prevented nano -
particle aggregation, resulting in a uniform dispersion
of octylamine-modified ZnO nanoparticles in the
rubber matrix. Since most studies were conducted
on unfilled systems, the interaction between ZnO
and the reinforcing filler remains unexamined.
Due to rising global concerns about emissions of
greenhouse gases and climate change, silica-filled
rubber compounds are gaining prominence [28]. The
interaction between filler/filler and filler/polymer in-
teraction primarily determines filler network struc-
ture. An essential criterion for developing highly re-
inforced rubber composites is the matrix’s uniform
distribution of filler particles. When mixed with non-
polar elastomers, the polar surface chemistries of sil-
ica nanoparticles cause them to develop highly ag-
glomerated structures. The utilization of silane
coupling agents in silica/elastomer nanocomposites
leads to a significant improvement in the dispersion
of silica particles [29]. The cure activator ZnO also
takes part in the dispersion of filler in the matrix. The
surface silanol groups of silica are acidic and can,
therefore, react with an alkali, such as ZnO. There
are no extensive studies on the interaction of ZnO
activators and fillers and how the type of ZnO affects
the distribution of silica filler in rubber compounds.
It has also proven to be a fascinating strategy to use

ZnO-anchored silica particles in rubber matrix, but
this requires additional ex-situ fabrication of ZnO-
anchored silica particles [1, 30].
The current study investigates the in-situ formation
of ZnO-anchored silica particles during the process-
ing. The study examined the effects of using differ-
ent types of ZnO, including active, nano, and octy-
lamine-modified ZnO, compared to conventional
ZnO. With the inclusion of silica filler, the octy-
lamine-modified ZnO and high surface area active
ZnO were attached to the silica surface, forming co-
valent bonds as Si–O–Zn. This bonding process re-
sulted in an extra protective layer on the surface of
silica, which reduced the filler’s aggregation and
mitigated the Payne effect’s occurrence. Fourier trans-
form infrared (FTIR) spectroscopy and X-ray dif-
fraction (XRD) analysis were performed to confirm
the interaction between ZnO and silica particles.
These findings signify that the presence of highly re-
active Zn2+ on the surface of ZnO enables the an-
choring of ZnO onto silica particles without addi-
tional steps or chemical agents. Furthermore, it has
been observed that this process improves the effi-
ciency of rubber curing and reduces the required
amount of ZnO by 60%, thereby exploring the po-
tential for a cost-effective and sustainable alternative
to conventional ZnO. Additionally, the mechanical
and thermal properties of the blends were influenced
by the type of sulphide linkage formation. This in-
sight was gained by analyzing the influence of vari-
ous ZnO on sulphide linkage formation using tem-
perature scanning stress relaxation (TSSR) and
thermogravimetric analysis (TGA) techniques.

2. Experimental details
2.1. Materials
Natural Rubber SVR3L grade, sourced from JK Fen-
ner Pvt. Ltd. in Mysore, India. The styrene-butadiene
rubber (SBR) grade 1502 was purchased from Re-
liance Industries Pvt Ltd. in Mumbai, India. The
styrene-butadiene rubber/natural rubber (SBR/NR)
blend system was activated with four distinct vul-
canization activators, including commercial ZnO
(POCL, Thiruvallur, India), active ZnO (Transpek
Silox Industry, Gujarat, India), nano ZnO (Nano Re-
search Lab, Jharkhand, India), and functionalized
ZnO (Tata Chemicals Ltd, Pune, India). Highly dis-
persible silica (HDS)(Zeosil), the reinforcing filler
used in this study, was obtained from Solvay silica
(Aubervilliers, France).
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2.2. SBR/NR blend mixing
The blend has been mixed in two steps. All the ad-
ditives, except curatives termed as master batch,
have been added to the Brabender internal mixer
(Brabender GmbH, Duisburg, Germany). Through-
out the mixing period, the temperature was kept at
140°C. During the initial mixing stage, the rpm ad-
dition of rubber and activators was set at 30. After
adding the remaining ingredients for compounding,
the mixing speed was increased to 60 rpm, and the
total mixing time was set to 4.5 min. The final batch
containing the curatives mixed in the lab two-roll
mill. The blend composition is shown in Table 1.
Throughout the text, the blend contains 5 phr con-
ventional ZnO called C5BS. The blend comprises ac-
tive, nano, and functionalized ZnO called A2BS,
N2BS, and F2BS. Here, 2 stands for 2 phr of ZnO
addition, and S stands for the reinforcing filler, high-
ly dispersible silica.

2.3. Instrumentation and characterizations
The curing characteristics of the SBR/NR blends
were monitored by subjecting them to a moving die
rheometer (Monsanto Rheometer (MDR 2000),
Akron, USA) at 150 °C for 45 min under an oscilla-
tion angle of 3 arcs. To determine the cure kinetics,
we cured the rubber mixtures at three different tem-
peratures for 45 min: 140, 150, and 160 °C. The ac-
tivation energy and rate constant were calculated
using the Arrhenius equation for first-order kinetics
and a nonlinear curve fitting according to the
Kamal-Sourour model. The Flory-Rehner equation
was employed to determine the crosslink density. A

comprehensive description of the procedure can be
found in the supporting information section.
X-ray diffraction (XRD) and Fourier transform in-
frared spectrophotometry (FTIR) were employed to
analyze the blend structures. XRD analysis was per-
formed using a Bruker D8 Advance XRD instrument
(Germany), utilizing Cu Kα (wavelength = 1.54 Å)
radiation. The XRD measurements covered an an-
gular range of 20° to 90° with a step size of 0.04°.
FTIR (Nicolet 6700, M/S thermo fisher scientific in-
struments, Madison, USA) in attenuated total re-
flectance (ATR) mode was used to detect the func-
tional groups in the composites. The spectra were
recorded between 400 and 4000 cm–1 with a 16 scan
and a force gauge setting 32. Using a thermogravi-
metric analyzer (Shimadzu TGA 50, Columbia,
USA), mixtures were subjected to thermogravimet-
ric analysis (TGA). Under a nitrogen atmosphere,
samples of approximately 8 mg each in an alumina
crucible were heated at 10 K/min.
To comprehend the blends thermomechanical char-
acteristics, we carried out temperature scanning stress
relaxation measurements using the TSSR-Tester
(Brabender GmbH, Duisburg, Germany). The spec-
imen shaped like a dumbbell (ISO 527, Type 5A) was
cut from the molded sheet. The sample was placed
in an electrically heated chamber and subjected to a
50% initial strain for 2 h at 23°C. This was carried
out so that short-term relaxation processes could dis-
sipate. Then, a nonisothermal measurement up to
200°C was carried out at a 2 K/min heating rate until
the sample ruptured or stress relaxation was com-
plete. Using stress-temperature curves derived from
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Table 1. Composition of SBR/NR blends filled with silica filler incorporating various ZnO activators.

phr: parts per hundred rubbers

Ingredients
[phr]

C5BS
[phr]

A2BS
[phr]

N2BS
[phr]

F2BS
[phr]

Styrene-butadiene rubber (SBR) 70 70 70 70
Natural rubber (NR) 30 30 30 30
Conventional ZnO 5 – – –
Active ZnO – 2 – –
Nano ZnO – – 2 –
Functionalized ZnO – – – 2
Stearic acid (SA) 2 2 2 2
Highly dispersible silica (HDS) 60 60 60 60
Bis(triethoxysilylpropyl)tetrasulfide (TESPT) 5.6 5.6 5.6 5.6
Hydroquinone (HQ) 1.0 1.0 1.0 1.0
Sulfur (S) 1.5 1.5 1.5 1.5
Tetramethylthiuram disulfide (TMTD) 0.5 0.5 0.5 0.5
Cyclo benzyl sulfenamide (CBS) 1.2 1.2 1.2 1.2



TSSR testing was employed to assess crosslink den-
sity. This was achieved by calculating the initial
slope of the curves using a modified Neo-Hookean
equation.
The blend’s tensile and tear properties were meas-
ured at room temperature using a Hiosk-Hounsfield
universal testing machine (Surrey, England) (with a
10 kN load cell and 500 mm/min crosshead speed.
Using ASTM D412 die C the specimens were cut
from the moulded tensile sheet. To comply with
ASTM D573 standards, accelerated aging was con-
ducted using a forced air circulating oven (Blue M
Electric, model No F0 712, Blue Island, Illinois,
USA). The aging process was performed at 70 °C
for one week. After aging, the mechanical properties
of the specimens were evaluated following a 40 h
conditioning period at 23 °C and 50% relative hu-
midity to ensure thermal equilibrium. The tensile
strength, elongation at break, and modulus of aged
samples were evaluated compared to those of un-
aged samples.
Temperature-sweep tests using an Eplexor 2000 in-
strument from Gabo Qualimeter (Netzsch, Geratebau
GmbH, Selb, Germany) determined the rubbery na-
ture of the samples. The sample of size 35×10×2 mm
was cooled to –80°C and then heated to 80°C at a
rate of 2 K/min and a constant frequency of 10 Hz.
The viscoelastic properties of the prepared rubber
mixture were evaluated using a Rubber Process An-
alyzer (RPA) (RPA 2000, Alpha Technologies, UK).
For the strain sweep study, the temperature was held
constant at 100 °C. Adjusting the strain from 0.05 to
100% while maintaining a frequency of 0.33 Hz. By
calculating the difference between the elastic moduli
at low strain (G0′) and high strain (G∞′), the Payne
effect was determined from the RPA. This method
was used to evaluate filler-filler interactions in com-
pounds; the greater the Payne effect, the greater the
filler-filler interaction.
The analysis of filler dispersion in the composites
was conducted using transmission electron micro -
scopy (TEM) with a JEM 2100F (Jeol, Japan) as
well as scanning electron microscopy (SEM) using
a Merlin microscope (Carl Zeiss SMT, Germany).
The TEM instrument operates with a 120 kV elec-
tron beam at an accelerated voltage. Before the test,
the rubber compounds were prepared with an ultra-
microtome. After cryo fracturing in liquid nitrogen
and overnight drying at 60 °C, SEM samples were
prepared.

3. Results and discussion
3.1. Effect of various activators on the cure

characteristics
Table 2 summarises the cure parameters such as
highest torque (MH), lowest torque (ML), delta torque
(MH – ML), optimum cure time (Tc90), scorch time
(Ts2), and the cure rate index (CRI), obtained from
the rheocurve of silica-filled SBR-NR blends con-
taining conventional, active, nano and functionalized
ZnO. Figure 1 shows the acquired rheocurve and
crosslink density of the SBR/NR blends. Octy-
lamine-modified F2BS exhibited the lowest cure
time among all blends. It is possible that octylamine,
which raises basicity and speeds up the vulcanization
process, is the cause of the F2BS low cure time and
higher cure rate index [31, 32]. The highest torque
(MH) of F2BS modified with octylamine was re-
duced, suggesting that blends of octylamine-modi-
fied ZnO with SBR/NR blend have a lower degree
of rubber reticulation [27].
Blends N2BS and A2BS had a high Tc90 and the low
(CRI) results from the extended duration needed for
chelate formation at high Zn ions concentration,
which was enabled by the smaller particle size and
larger surface area of nano and active ZnO [5, 33].
However, the silanol or hydroxyl groups on the sur-
faces of silicas make them acidic and polar. Due to
this, cure rates are slow and cure times are higher
when compared to carbon black-filled blends inferred
from our previous study. Notably, the silica-filled rub-
ber vulcanizates exhibited a substantial delta torque
(MH – ML), reflected in the greater crosslink deter-
mined from swelling study densities (Table 2;
Figure 1b). Since TESPT, a silane compound contain-
ing sulfur, was used as a coupling agent, the tetrasul-
fide groups in TESPT caused the silica particles to in-
teract with the rubber chains. Consequently, addition-
al monosulfidic crosslinks formed in addition to those
produced by elemental sulfur [34]. In silica-filled
blends, N2BS had the highest delta torque and a sim-
ilar value to C5BS blend among all the batches and
F2BS exhibited the lowest delta torque value with a
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Table 2. Cure characteristics of SBR/NR blends filled with
silica fillers cured at 150 °C.

Entry ML
[dN·m]

MH
[dN·m]

MH – ML
[dN·m]

Ts2
[min]

Tc90
[min]

CRI
[min–1]

C5BS 6.67 34.45 27.78 2.22 15.92 07.30
A2BS 7.19 33.95 26.76 2.05 17.50 06.47
N2BS 6.74 34.67 27.93 2.08 19.21 05.84
F2BS 3.67 22.98 19.31 1.32 07.71 15.65



30% reduction in the value. These results correlated
with the crosslink density obtained in Figure 1b.

Activation energy
Cure kinetics tests were done on SBR/NR blends to
see how different ZnO concentrations affected the ac-
tivation of sulfur vulcanization. Analyzed the kinetic
constant (k) and activation energy (Ea) of the
SBR/NR blends using cure data obtained at 140, 150,
and 160°C. The Kamal-Sourour reaction model was
used for kinetic analysis. The curing of rubber com-
pounds has been explained using the Kamal-Sourour
reaction model, which incorporates autocatalytic
characteristics with an nth-order reaction model [35,
36]. Equation (1) serves as the basis for the Kamal-
Sourour reaction model, capturing the nth- order re-
action component with the first-rate constant (k1) and
exponent (n) and the autocatalytic contribution to the
reaction with the second-rate constant (k2) and

exponent (m). Every kinetic constant follows the Ar-
rhenius equation (Equation (1)):

(1)

By fitting above Equation (1) to the slope of the
graph between dα/dt and α, the rate constant k can
be determined. The activation energy was then de-
termined by plotting lnk vs. 1/T (Figure 2a). It ad-
heres to the Arrhenius equation (Equation (2)),
which relates the rate constant (k) to the pre-expo-
nential factor (A), activation energy (Ea), universal
gas constant (R), and temperature (T) in Kelvin. The
obtained activation energy is shown in Figure 2b:

(2)

The activation energy of the vulcanization reaction
can serve to validate the efficiency of the activator

d
d
t k k 11 2

m na a a= + -R RW W

ek A RT
Ea

=
-
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Figure 1. a) Time–elastic modulus curve, b) crosslink density measured from a swelling method using Flory Rehner equation.

Figure 2. a) lnk vs. 1/T plot and b) obtained activation energy.



employed in the rubber formulation. The octylamine
modified ZnO accelerates the vulcanization of rub-
bers by catalyzing the formation of a more active
sulfurating agent due to the presence of amine on the
surface. Consequently, the apparent activation ener-
gy of F2BS decreases. Figure 2b shows which F2BS
had the lowest activation energy. This suggests that
the F2BS vulcanizes more quickly in SBR/NR
blends, consistent with the CRI in Table 2.

3.2. Characterizations-interfacial interaction
of silica-filled SBR/NR blend with various
ZnO

FTIR and XRD analysis
FTIR analysis was done on the four blends to inves-
tigate how ZnO interacted with the silica surface and
stearic acid. C5BS, A2BS, N2BS, and F2BS, ATR-
FTIR spectra were performed in the 400–4000 cm–1

range. The zoomed region of the FTIR spectra from
750 to 1050 cm–1 is displayed in Figure 3a. The
peak at 954 cm–1, attributed to the Si–OH stretching

vibration, undergoes a distinct transformation within
all blend compositions. Notably, the peak’s position
shifts to a higher frequency range of 963–965 cm–1,
assuming a shoulder-like appearance, and concur-
rently, its intensity follows an ascending order of
F2BS > A2BS > N2BS > C5BS (Figure 3a). Draw-
ing parallels with previously documented spectra of
ZnO–SiO2 composites as found in the literature, this
alteration is likely a consequence of the concurrent
presence of Si–OH and symmetric Si–O–Zn stretch-
ing modes. This observation supports the proposition
of covalent bonding between the surface silanol group
filler and the activator ZnO particles [37–39]. This
confirms the increased formation of Si–O–Zn bonds
even during the ex-situ mixing of rubber compounds
in the Brabender mixer.
Upon the interaction between ZnO and stearic acid,
prominent peaks at 1538 and 1398 cm–1 were detect-
ed (Figure 3b), signifying the asymmetric and sym-
metric stretching of COOH groups linked to zinc
centers within the Zn stearate framework [40]. The
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Figure 3. FTIR spectroscopy of C5BS, A2BS, N2BS and F2BS a) at zoomed wavelength of 1050–750 cm–1, b) at zoomed
wavelength of 1700–1300 cm–1, c) XRD diffraction spectra of C5BS, A2BS, N2BS and F2BS.



interaction of ZnO-anchored silica particles with the
stearic acid, especially within the F2BS and A2BS
blends, showed a reduction in the intensity of the
zinc stearate peaks. New peaks emerged at 1595,
1609, and 1624 cm–1, accompanied by vibrations at
1415 cm–1, with the order of intensity being F2BS >
A2BS > N2BS > C5BS. These phenomena are be-
lieved to be associated with the formation of distinct
surface zinc complexes due to the interaction of ZnO-
anchored silica with stearic acid, as discussed by
Ikeda et al. [41] and Mostoni et al. [40] that the spec-
tral characteristics of ZnO/SiO2 nanoparticles sug-
gest the existence of bridging bidentate-coordinated
zinc/stearate complexes in a dinuclear arrangement.
Each stearic acid molecule links two zinc centers in
this configuration, maintaining a Zn:SA molar ratio
of 1:1. This arrangement results in two vacant posi-
tions on each Zn(II) site, potentially available for ad-
ditional ligand binding.
Due to the silica’s acidic surface silanol groups, an
alkali like ZnO can react with them. Active ZnO,
which had more readily available Zn2+, rapidly re-
acted with the silica surface to form the covalent
bond Si–O–Zn, protect the silica particles with a
layer, and reduce filler aggregation. Similarly, as
demonstrated in Figure 9, octylamine-modified ZnO
formed Si-O-Zn bonds and had a stronger affinity
for the silica filler in F2BS due to its presence of an
amine group in the surface of ZnO, making it more
attracted to the silica surface and forming high-in-
tensity Si–O–Zn bonds. Nano ZnO having a lower
surface area (7–10 m2/g) than the active ZnO (35 m2/g)
and a higher surface area than the conventional ZnO
(4.5 m2/g) make Zn2+ ions availability less compared
to active and more compared to conventional ZnO.
Figure 3c represents the XRD pattern of C5BS,
A2BS, N2BS and F2BS. In the case of C5BS, the in-
tensity of the peaks 2θ at 31.6° and 36.11°, which
represent the (100) and (101) diffractions of ZnO,
respectively, is visible because the micron-sized ZnO
particles it contains reduced dispersion, allowing for
the visualization of unreacted ZnO particles. The
non-crystalline silica is characterized by the diffrac-
tion peak 2θ at 22.5°.

3.3. Temperature scanning stress relaxation of
highly dispersible silica filled SBR/NR
blends with various ZnO activator systems

The thermal stability of the elastomer network is
an essential attribute of rubber vulcanizates. As

temperature increases, the thermal degradation of
the rubber network is often accompanied by a sub-
stantial reduction in stress. To better understand the
impact of different ZnO activators on the thermal
stability of SBR/NR blends, temperature scanning
stress relaxation (TSSR) experiments were conduct-
ed by observing the non-isothermal relaxation be-
havior as a function of temperature. The temperature
at which crosslink cleavage or scission of the main
chains occurs is indicated by significant peaks ap-
pearing in the relaxation spectrum. Each peak simul-
taneously reflects a relaxation mechanism. Figure 4
depicts the stress as a function of the temperature
and the relaxation spectra of SBR/NR blends with
varying ZnO activators.
In silica-filled SBR/NR blends, nano ZnO-loaded
N2BS showed the highest stress, followed by A2BS
and C5BS (Figure 4b), justifying the cure parameters
obtained as N2BS had the highest delta torque
among all the blends. F2BS with functionalized ZnO
had the lowest stress value at constant strain magni-
tude. The higher stress value of N2BS and lower
stress of F2BS is due to the higher crosslink density
of N2BS and lower crosslink density of F2BS [42].
N2BS had the highest crosslink density among all
other blends, and F2BS had the lowest. The change
of stress with the temperature of silica-filled blends
is shown in Figure 4. The reduction in relaxation
stress with an increase in temperature was linked to
the molecular mobility process, which was more
pronounced for N2BS the reduction in relaxation
stress with an increase in temperature was more pro-
nounced for N2BS; it had the highest stress than
C5BS, A2BS, and F2BS. The C5BS and N2BS ex-
hibited a comparable temperature-dependent stress
relaxation response and the lowest was observed for
F2BS. From Figure 4a, the thermal stability of the
blends can be accessed from T10 and T50 tempera-
tures at which the stress of the blend has reduced by
10 and 50% obtained values were listed in Table 3.
The initial stress decay with temperature was ob-
served, and A2BS had the highest, around 104°C. In
the case of C5BS, the T10 was at a lower temperature
of 79°C. N2BS reported T10 at 89 and 87°C for F2BS
were shown. The higher thermal stability was ob-
served for A2BS due to its high surface area and the
presence of more reactive Zn sites; its T50 was report-
ed at 172°C whereas C5BS had a similar thermal sta-
bility and T50 value around 171°C due to the presence
of high ZnO content (5 phr) in the respective blend.
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N2BS shown T50 at 159 °C and F2BS at 145 °C
shows the least thermal stability among all blends.
The stress vs. temperature curve and the relaxation
spectra vs. temperature are both shown in Figure 4.
The relaxation spectrum H(T), which is obtained
from the stress vs. temperature curve, is obtained by
differentiating the no isothermal relaxation modulus
E(T) with respect to temperature (T), as shown in
Equation (3) [43]:

(3)

The peak around 110–150 °C indicates the decom-
position of polysulfidic linkages, here F2BS exhib-
ited a peak below 150°C confirming that the pres-
ence of octylamine in the functionalized ZnO en-
ables the faster curing and forming of the polysulfide
linkages rather than di and monosulfidic. C5BS,
A2BS and N2BS degradation peaks shifted to a
higher temperature and showed a peak above 160°C
confirming the presence of mono and disulfide link-
ages [44]. In the case of conventional ZnO-filled
C5BS showed a prominent peak at 174°C. for A2BS
166, and 159 °C for N2BS, respectively; the F2BS
peak was seen at a lower temperature of about 149°C.

The stress of SBR/NR blends slightly increased in the
23–40°C temperature range, as shown in Figure 4a.
Entropy effects inherent to rubber vulcanizates are
responsible for this. Furthermore, the crosslink den-
sity in rubber vulcanizates is represented by this area
(23–40°C) of the stress-temperature curve. Observ-
ing that stress-temperature graphs derived from the
TSSR test were employed to assess crosslink density
through the modified Neo-Hookean Equation (4) ap-
plied to the initial slope of the curves [44]:

(4)

where σ represents stress, R stands for the universal
gas constant, and α represents the thermal expansion
coefficient, corresponding to a value of 2.4·10–4 K–1.
The extension ratio, denoted as λ, is the ratio of the
final length l to the initial length l0. T is the temper-
ature in Kelvin.
The comparison of crosslink density obtained from
TSSR and swelling study has been plotted in Figure 5,
and it shows a positive correlation with the crosslink
density obtained from the swelling study, as depicted
in Figure 1b. The crosslink density of all the blends
obtained from the TSSR experiment was lower than
the one obtained from the swelling study. The resem-
blance in the crosslink density of blends derived
from TSSR and swelling analysis demonstrates a
consistent trend in the delta torque values. This sug-
gests that the primary cause of torque development
during vulcanization is the creation of crosslinks
within the rubber matrix [45].
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Table 3. Degradation temperature obtained from the TSSR
study.

Batch T10
[°C]

T50
[°C]

C5BS 79.8 171.7
A2BS 104.60 172.7
N2BS 89.5 159.2
F2BS 87.2 145.3

Figure 4. Non-isothermal stress relaxation test a) stress vs. temperature of HDS-filled SBR/NR blends with various ZnO as
activators, b) relaxation spectra vs. temperature curve of HDS-filled SBR/NR blends containing various ZnO as
activators.



3.4. Thermogravimetric Analysis (TGA)
The effect of the type of ZnO thermal stability on
the silica-filled SBR/NR was investigated using the
thermogravimetry (TG) technique and their deriva-
tive thermogravimetric (DTG) analysis. As seen in
Figure 6a, the conventional ZnO-loaded C5BS had
a little more residual weight after degradation than
the other batches containing 2 phr of ZnO. This is
due to the higher ZnO (5 phr) content of C5BS. The
TG curves of all the samples under investigation pri-
marily showed two degradation steps, as seen in the
DTG curve (Figure 6). The rubber blend’s plasticizer
and volatile components degraded in the initial stage
of degradation at around 370–400°C. As can be seen,
the degradation of SBR and NR caused most weight
losses for all blends to occur between 420 and
480°C. In Figure 6b, the degradation temperatures

of C5BS, A2BS, and N2BS are 461.67, 461.89, and
461.59°C, respectively. It was nearly the same tem-
perature range and demonstrates that the higher ther-
mal stability of active ZnO and nano ZnO at 2 phr
loading increases the thermal stability of the blend
to the same level as conventional ZnO at 5 phr load-
ing. The large dispersion of nanoparticles in the
polymer matrix impeded the free radical’s ability to
diffuse, which delayed the degradation of rubber
compounds. Additionally, ZnO nanoparticles’ high
heat capacity and thermal conductivity made them
effective heat sinkers, absorbing more heat than the
rubber matrix could hold onto, which increased the
composites’ thermal stability. Blends of A2BS and
N2BS showed shifts to higher temperatures in their
characterization temperatures due to their excellent
dispersion in the matrix.

3.5. Dynamic mechanical analysis
The dynamic mechanical performance of the
SBR/NR blends was analyzed over the temperature
range of –80 to 80°C. Figure 7 shows the compara-
tive study of storage modulus and loss factor vs. tem-
perature of silica-filled SBR/NR blends with various
ZnO activators. The tanδ vs. temperature at 0°C pre-
dicted wet skid, and the tanδ vs. temperature at 60°C
estimated rolling resistance and obtained values are
listed in Table 4 [46]. A lower tan δ value indicated
better fuel efficiency and lower rolling resistance at
60°C. Better wet traction was suggested by a higher
tan δ value at 0 °C. Change in traction was 0.6 and
1.1% lower for F2BS and A2BS than C5BS, which
is negligible, and for N2BS, it was a 10% difference.
The rolling resistance change was not in positive
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Figure 5. Crosslink density comparison between swelling
and TSSR study of HDS-filled SBR/NR blends
with various ZnO as activators.

Figure 6. a) TGA curve of HDS-filled SBR/NR blends with various ZnO as activators, b) DTG plot of HDS-filled SBR/NR
blends with various ZnO as activators.



association for F2BS and A2BS increase in 30 and
12% compared to C5BS; for N2BS, it was a 1.4%
increase in the tanδ at 60 °C value.
The silica-filled blends showed no significant changes
in the wet skid and rolling resistance in A2BS, N2BS,
and F2BS compared to C5BS. Obtained rolling re-
sistance and wet skid were in line with the value ob-
tained for C5BS, thereby ensuring the reduction of
ZnO is possible without affecting its main magic tri-
angle properties of the tyre obtained from the dy-
namic mechanical analysis.

3.6. Payne effect interpretation of SBR/NR
blends with various ZnO systems

Figure 8 depicts the RPA curve of storage modulus
vs. strain and the resulting Payne effect obtained
from the strain sweep analysis in the strain region of
0.5 to 100%. Here, we explore the Payne effect in
silica-filled blends with various ZnO activators. The
filler’s dispersion in the matrix significantly impacts
the rubber blend mechanical performance. The Payne
effect and SEM were used to analyze the dispersion
state of blends. The storage modulus (G′) of the rub-
ber matrix reinforced with the silica filler increased
as the strain increased, and the extent of this change
under a final strain and initial strain was regarded as
the Payne effect. The Payne effect can be resolute as
ΔG = (G0′ – G∞′). G0′ belongs to the storage modu-
lus at the lowest strain, and G∞′ is the storage mod-
ulus at the highest operating strain (at 100% strain)
[47–49]. A lower Payne effect value indicates better
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Figure 7. Dynamic mechanical analysis SBR/NR blends with various ZnO: a) storage modulus vs. temperature curve, b) tanδ
vs. temperature curve.

Table 4. Traction and rolling resistance obtained from dy-
namic mechanical analysis.

SBR/NR Blend Traction
(tan δ at 0 °C)

Rolling resistance
(tan δ at 60°C)

C5BS 0.1597 0.1078
A2BS 0.1579 0.1218
N2BS 0.1433 0.1095
F2BS 0.1586 0.1412

Figure 8. a) Strain sweep curve of ZnO in SBR/NR blends filled with highly dispersible silica, b) Payne effect in silica-filled
blends.



filler dispersion, hence good polymer-filler interac-
tion [50–52].
The F2BS blend containing octylamine-modified
ZnO shows the lowest Payne effect. The octylamine-
modified ZnO is known to improve the dispersion in
thin film transistors [53]. Qin et al. [27] explored the
octylamine-modified ZnO in NR and SBR matrix
and found that the agglomeration has reduced and
showed a better dispersion of Zn nanoparticles in the
rubber matrix. Octylamine-modified ZnO exhibits
uniform size distribution and a low tendency to form
agglomerates [54, 55]. While active ZnO, which had
more readily available Zn2+, quickly reacted with the
silica surface to form the covalent bond Si–O–Zn,
protect the silica particles with a layer, and lessen
the aggregation of filler in the matrix. Similarly, as
shown in Figure 9, Octylamine modified ZnO
formed the Si–O–Zn bonds and had a stronger affin-
ity for the silica filler in F2BS. The filler-filler inter-
action was significantly reduced by an outer layer of
octylamine and two layers covering the silica parti-
cles, resulting in a uniform distribution. This resulted
in a lower filler-filler interaction and a low Payne ef-
fect. Compared to active ZnO, the available Zn sites
were less in nano ZnO due to their lower surface area
than active ZnO, resulting in a higher Payne effect
than A2BS. C5BS had microsized conventional ZnO
less available zn sites reduced the dispersion in the
matrix.

3.7. Mechanical characteristics of SBR/NR
blends employing different ZnO

Table 5 lists the mechanical and physical properties
obtained for the SBR/NR blends. The trend of the
Payne effect was observed for the mechanical prop-
erties. As seen, the lower the Payne effect, the higher
the polymer-filler interaction is, thereby improving
the blends’ mechanical properties; regarding the me-
chanical properties of silica-filled blends, function-
alized ZnO as the activator exhibited the highest ten-
sile strength and elongation at break compared to all
other ZnO-filled blends. The higher reactivity of
functionalized ZnO has been seen in the cure rate
index analysis of the blends. A2BS had the second
highest mechanical performance after F2BS; this
could be due to the high reactivity of active ZnO to
form an active-accelerator complex to react with sul-
furating agents efficiently and increase the polymer-
filler interaction. The lower particle size of nano
ZnO increases the reactivity simultaneously, indicat-
ing a slight agglomeration at 2 phr loading, resulting
in lower tensile strength and elongation at break than
F2BS and A2BS. C5BS had lower tensile strength
and elongation with a higher modulus due to its
higher filler-filler interaction, lowering the mechan-
ical performance of the blend as seen in the RPA
analysis.
F2BS and A2BS silica-filled blends had the highest
tensile strength and elongation at break, with increases
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Figure 9. The proposed interaction of ZnO with silica particles in SBR/NR blends a) octylamine-modified ZnO in F2BS,
b) active ZnO in A2BS, c) nano ZnO in N2BS, d) conventional ZnO in C5BS.



in tensile strength of 31% and elongation at break of
49% over C5BS. The highest tear strength was ob-
served in A2BS among all the batches and had a
12% increase compared to C5BS. In terms of me-
chanical properties, active, nano, and functionalized
ZnO at 2 phr were superior to conventional ZnO-
loaded blends at 5 phr loading. The rubber com-
pound’s ZnO content is reduced by 60%, helping to
lower the compound’s cost and serving as a sustain-
able substitute additive to traditional ZnO.

3.8. Hot air accelerated aging study of
SBR/NR blends with various ZnO

Figure 10 shows the crosslink density and mechani-
cal property retention index of tensile strength, elon-
gation at break and modulus values of silica-filled
SBR/NR blends with various ZnO activators after
accelerated aging study. The Equation (5) calculates
the property retention index (PRI) [56]:

(5)

where P0 is mechanical properties of the blends be-
fore ageing, P the mechanical properties of the
blends after ageing.
An increase in tensile strength was seen for F2BS
and N2BS blends compared to C5BS, where the rise

in tensile strength after aging was prominent in
F2BS. The F2BS was uniformly dispersed in the rub-
ber blend in accordance with the mechanical prop-
erties obtained before and after aging [5]. This char-
acteristic may also result from the increased cross -
link density accompanying aging. The study reveals
notable alterations in the crosslink density of F2BS
and N2BS, signifying an increase, while the blends
C5BS and A2BS exhibit a reduction in crosslink
density after heat aging. These crosslink density fluc-
tuations are directly correlated with the correspon-
ding changes in the mechanical properties observed
following the aging study.
Through the process of aging, the crosslink density
of elastomer chains is augmented as pendant groups
on the chains undergo reactions with neighboring
pendant groups. This leads to the formation of addi-
tional crosslinks, resulting in an enhancement of ten-
sile strength. N2BS also increased the tensile strength
and modulus after heat aging due to their more stable
mono- and disulfide crosslinks and higher crosslink
density increased the resistance to thermal aging be-
cause of their stable structure [5, 57]. A2BS, N2BS,
and F2BS showed increased modulus and decreased
elongation following the aging process due to the in-
creased molecular rigidity. The elastomer chains ex-
perience an increase in average molecular weight at

%PRI P
P
100

0
$=! $
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Table 5. Mechanical properties of SBR/NR blends.

Sample designation Tensile strength
[MPa]

Elongation at break
[%]

Modulus at 300%
[MPa]

Tear strength
[N/mm]

Hardness
[Shore A]

C5BS 15.1±2.4 362±61 12±1.2 85.0±3.4 68±1.3
A2BS 19.2±0.9 410±14 12.8±0.1 95.2±3.8 72±1.0
N2BS 15.5±2.4 351±49 12.7±0.4 74.1±2.1 68±1.8
F2BS 19.8±3.0 539±60 9.3±0.4 81.9±2.7 65±0.5

Figure 10. a) Crosslink density and b) mechanical properties of C5BS, A2BS, N2BS, and F2BS after thermal aging.



high crosslinking densities, which restricts the mo-
bility of individual chain segments. As a result, the
elastomeric substance stiffens, which reduces the
elongation at break values [58, 59].

3.9. Field emission scanning electron
microscopy (FESEM) of SBR/NR blends
with various ZnO

The sulfur vulcanization’s activation state and the
SBR/NR blends’ mechanical performance are great-
ly influenced by the ZnO activator and silica filler’s
dispersion state in the blend. The vulcanization effi-
ciency decreases because of the ZnO activator par-
ticle aggregation, which reduces their contact surface
and interactions with other crosslinking system mod-
ules. SEM and TEM were used to assess the disper-
sion level of different ZnO and silica fillers in the
SBR/NR blends to investigate the morphology of the
composites.
The morphological analysis of the blends was car-
ried out using scanning electron microscopy, as
shown in Figure 11 below, to support the Payne ef-
fect results. C5BS, A2BS, N2BS, and F2BS were an-
alyzed for their relative dispersion in the blend. The
grey area depicts the SBR/NR blend, and the white
spherical particles indicate the filler and ZnO present
in the matrix. In SBR/NR blends, the incorporation
of octylamine ligands effectively prevented nanopar-
ticle aggregation, leading to the uniform dispersion
of F2BS with octylamine-modified ZnO nanoparti-
cles [60].
The rate of agglomeration was observed in C5BS,
N2BS and A2BS, respectively. In C5BS, the micron-
sized conventional ZnO was less dispersed in the hy-
drophobic matrix due to its hydrophilic nature. Al-
though, compared to transmission electron micro -
scopy, distinguishing ZnO and silica in the matrix in
SEM analysis was quite tricky.

To get a clearer picture of the distribution of ele-
ments in the matrix, we performed an EDS analysis
at 20 µm scale. EDS spectrum and element mapping
are given in Figure 12, and the atomic percentages
of Si, O, and Zn have been provided. It has been ob-
served that the atomic percentage of Si was 49% in
F2BS, whereas in C5BS, it was 59%. It shows that
the surface’s layer formation of Si–O–Zn bonds has
reduced the silica atomic % in the EDS spectrum.

3.10. Transmission electron microscopy of
SBR/NR blends with various ZnO

The morphological changes in the bulk area of the
SBR/NR blend system filled with highly dis-
persible silica at different ZnO activators can be de-
termined from the TEM photomicrographs, as shown
in Figure 13. In the C5BS blend, conventional ZnO
with a cuboid structure was observed, along with sil-
ica particles in the SBR/NR blend, and it was dis-
covered that the ZnO was not dispersed adequately
within the matrix. To maintain consistency in the
analysis, we used 100 nm-scale morphology images
throughout the discussion section. The smaller par-
ticle size of nano ZnO leads to agglomeration in the
blend, whereas active ZnO with more available Zn2+

readily reacted with the silica surface by forming the
covalent bond Si–O–Zn and forming layer protec-
tion over the silica particles and reducing the aggre-
gation of filler in the matrix. Similarly, using octy-
lamine-modified ZnO had more affinity towards
silica filler and formed the Si–O–Zn bonds, as
shown in Figure 9. An outer layer of octylamine and
two layers covering the silica particles drastically re-
duced the filler-filler interaction, resulting in uniform
distribution [61].  Similar morphology was also ob-
served in the SEM analysis. The SEM and TEM ob-
servations were in correlation with the obtained
Payne effect.
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Figure 11. SEM images of a) C5BS, b) A2BS, c) N2BS, d) F2BS.
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Figure 12. EDS spectrum of SBR/NR blends loaded with silica: a) C5BS, b) A2BS, c) N2BS, d) F2BS and EDX element
mapping, e) C5BS, f) A2BS, g) N2BS, h) F2BS.



4. Conclusions
This study focuses on replacing conventional ZnO
with more sustainable activators such as octylamine-
modified, active, and nano ZnO. It investigates the ef-
fect of these alternatives on the cure characteristics,
temperature scanning stress relaxation, mechanical
properties, dynamic mechanical properties, Payne
effect, and morphology of SBR/NR blends filled
with silica. When octylamine-modified ZnO (F2BS)
and active ZnO (A2BS) were used, they interacted
with the silica filler and formed a protective layer
around the silica particles, as indicated by the results.
The reduced aggregation between the filler particles
resulted in better dispersion and 31% tensile
strength, and 49% improvement in elongation at
break compared to C5BS. In addition, active ZnO
exhibited exceptional thermal stability. The Zn–O–Si
interface peak was most pronounced in F2BS and
A2BS, followed by N2BS, whereas C5BS exhibited
a weaker intensity. This was further supported by the
fact that C5BS exhibited a more significant Payne
effect. A small amount of agglomeration resulted
from the addition of nano ZnO at a loading of 2 phr.
Higher delta torque, crosslink density, and stress val-
ues seen in the isothermal measurements of TSSR
analysis suggest that nano ZnO had a significant ef-
fect as an activator on cure characteristics. The better
filler dispersion resulted in the highest tear strength
of A2BS, which improved over C5BS by 12%. At a
loading of 5 phr, traditional ZnO-loaded blends had
inferior mechanical properties to active, nano, and
functionalized ZnO. With the use of nano, active,
and octylamine-modified ZnO, the rubber compound
by 60%, a sustainable alternative to traditional ZnO
is provided that not only helps to reduce costs.
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