
1. Introduction
Thermoplastic elastomers (TPEs) can be categorized
into two major groups: microphase-separated block
copolymers, graft copolymers, or segmented copoly-
mers [1], and the blending of existing thermoplastics
with rubbers [2]. The latter TPEs are commonly pre-
pared using two techniques: a simple blend (SB)
without a curing agent or dynamic vulcanization
(DV), where the rubber phase undergoes in-situ cur-
ing [3]. DV is typically conducted under high shear
at temperatures exceeding the polymer pairs’ melting
points [4]. The evolution of morphology during DV
starts with a co-continuous phase of the blended pairs,
gradually shifting to the dispersion of small vulcan-
ized rubber droplets in the thermoplastic matrix. This

continues until complete vulcanization or the end of
the DV process [3].
Among thermoplastics, polyolefins, such as various
types of polyethylene (PE) and polypropylene (PP),
have become significant choices as the thermoplastic
component due to their ease of processability and
low melting temperatures. In addition, polyolefin
rubbers like ethylene-propylene rubber (EPM) and
unsaturated terpolymers, such as ethylene-propylene-
diene-monomer (EPDM), have been found exten-
sively used in the preparation of TPEs, including sim-
ple blends and DV or referred to as thermoplastic
vulcanizates (TPVs). Examples of these combina-
tions include PP/EPDM [5], PP/EPR [6], and HDPE/
EPDM [7]. Natural rubber has also been frequently
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used as a blend component in preparing TPE mate-
rials, leading to the development of a specific class
of materials known as thermoplastic natural rubber
(TPNR). The TPNR has been developed through the
combination of natural rubber with different thermo-
plastic materials, such as NR/PP [8–10], NR/HDPE
(high-density polyethylene) [10, 11], NR/LLDPE
(linear low-density polyethylene) [12], NR/polyester
blends [13] and NR/EVA (ethylene vinyl acetate
copolymer) blends [14].
In applications of TPV materials where precise per-
formance characteristics are required, the choice of
the thermoplastic component and the appropriate
curing system are pivotal factors that influence both
the processing and the ultimate properties of final
products. Typically, TPVs derived from TPNR have
been wildly prepared through dynamic vulcaniza-
tion, employing various curing systems, which in-
clude phenolic [15, 16], sulfur [17–19], peroxide
[18–20] and combinations of sulfur and peroxide
curing systems [18, 19]. Among these, the sulfur vul-
canization system has frequently been selected as the
vulcanization system for dynamically curing rubber
components. This is primarily driven by its effective-
ness in enhancing the elasticity and dynamic prop-
erties of the resulting TPV. In addition, peroxides and
phenolic-cured systems may not only crosslink the
rubber phase but also interact with the thermoplastic
component, resulting in unfavorable properties. For
instance, peroxide like dicumyl peroxide (DCP) can
significantly degrade polypropylene (PP) molecules,
leading to reduced viscosity and molecular weight
[21]. This reduces apparent shear stress, shear viscos-
ity, elastic modulus, and mechanical strength com-
pared to the same material dynamically cured by sul-
fur and phenolic-cured systems [19]. Additionally,
DCP can crosslink polyethylene molecules [22].
This crosslinking behavior can counteract the de-
sired phase separation when utilizing these thermo-
plastic and curative combinations. Furthermore, phe-
nolic resins, such as dimethylol phenolic resin, can
interact with even minor quantities of double bonds
present in thermoplastic matrices like PP and PE
molecules through the quinone methide mechanism
[23]. This also presented challenges in the prepara-
tion and processing of TPV materials.
The sulfur vulcanization of rubber compounds, de-
pending on the accelerator-to-sulfur ratios, is typi-
cally classified as conventional (CV), semi-efficient

(semi-EV), and efficient (EV) vulcanization sys-
tems. Each of these systems results in varying levels
of sulfidic linkages, encompassing monosulfide
(–S–), disulfide (–S–S–), and polysulfidic (–Sx–,
x ≥ 3) bonds [24]. In thermoplastic vulcanizates, it
was observed that the dynamically cured blend of
maleated natural rubber (MNR) and thermoplastic
copolyester elastomer (TPC-ET), in conjunction
with the sulfur-cured system, exhibited reversion be-
havior due to the deterioration of the newly formed
linkages characterized by low bonding energy, no-
tably polysulfidic (–C–Sx–C–) and some disulfide
(–C–S–S–C–) bonds [25]. These particular linkages
proved to be vulnerable to elevated temperatures and
high shear forces. Furthermore, the research revealed
that the segmental dynamics of vulcanized natural
rubber (NR) are influenced not only by the number
of cross-links but also by their spatial distribution
and the characteristics of sulfidic bridges with vary-
ing lengths [26]. The role of crosslink characteristics
in controlling the mechanical properties, thermal re-
sistance [27], dynamic and thermal properties [28],
as well as solvent resistance of natural rubber (NR)
vulcanizates has been widely acknowledged.
Various approaches have been suggested to identify
and quantify the crosslink density and its distinctive
characteristics. These methods include equilibrium
swelling analysis using the Flory-Rehner equation
[27, 29], Flory stress-strain measurements, freezing
point depression, and temperature scanning stress re-
laxation (TSSR) [29]. Additionally, the Mooney-Rivlin
analysis [24, 27], equilibrium solvent swelling, dou-
ble quantum (DQ) and nuclear magnetic resonance
(NMR) [24], as well as broadband dielectric spec-
troscopy (BDS) and proton multiple-quantum NMR
[26], have been employed to determine cross link
characteristics. Moreover, the solid-state 13C NMR
spectroscopy and dynamic properties analysis based
on RPA 2000 [30] have also been used to determine
crosslink characteristics. The extent of crosslinking
in the rubber phase of a PP/EPDM TPV can be in-
ferred by analyzing the shear storage modulus (G′),
especially at elevated temperatures beyond the melt-
ing point of the thermoplastic component, within the
linear viscoelastic range [31]. Additionally, a study
using temperature scanning stress relaxation (TSSR)
has been conducted to assess the crosslink density
of EPDM in peroxide-cured PP/EPDM TPV [32].
Also, the cross-link density of PP/EPDM TPV was
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determined through traditional equilibrium solvent-
swelling measurements, employing the modified
Flory-Rehner equation [33].
Based on the morphology of thermoplastic vulcan-
izates, where vulcanized rubber domains are dis-
persed within the hard thermoplastic phase, the pen-
etration of solvent molecules into the crosslinked
rubber network is usually impeded by the surround-
ing thermoplastic phase. Thus, before conducting
swelling measurements, it is imperative to ensure the
complete removal of the thermoplastic phase through
solvent extraction. This step is crucial for obtaining
more precise crosslink characteristics of the rubber
phase in TPV. Therefore, the crosslink characteristics
of the NR phase in TPVs, such as the level of cross -
linking, structure of sulfur bridges, and their distri-
bution, have not been systematically reported in the
past. It is important to study the effect of crosslink-
ing in NR-based TPV blends on their performance
to gain better insight into developing NR-based TPV
blends.
Consequently, the primary objective of our current re-
search was to investigate the properties of TPVs com-
prising natural rubber (NR) and polypropylene (PP),
cured using various sulfur vulcanization systems, in-
cluding CV, semi-EV, and EV cured systems. These
properties were examined in relation to the crosslink
characteristics of the vulcanized natural rubber phase,
encompassing analyses of curing, mechanical, ther-
mal, dynamic, and morphological properties.

2. Experimental
2.1. Materials
Standard Thai Rubber (STR 5L) natural rubber (NR)
blocks were manufactured by Yala Latex Co., Ltd.
(Yala, Thailand). The STR 5L blocks had an initial
plasticity (Po) of 35 min and a plasticity retention
index (PRI) of 60 min. These blocks were used as
the rubber component to prepare NR/PP TPVs. The
thermoplastic blend component used in this process
was polypropylene (PP) homopolymer, grade P700J,
supplied by SCG Chemicals Public Company Lim-
ited (Rayong, Thailand). The PP possesses a melt
flow rate (MFR) at 230°C and 2.16 kg (g/10 min) of
12 g/10 min and a melt temperature of 160°C. The
chemical ingredients utilized in the rubber com-
pounding process were used in their as-received
state. These ingredients include cure activators: zinc
oxide (ZnO) and stearic acid, manufactured by Global

Chemical Co., Ltd. (Samut Prakan, Thailand) and
Imperial Chemical Co., Ltd. (Pathum Thani, Thai-
land), respectively. Additionally, the 2,2,4-trimethyl-
1,2-dihydroquinone (TMQ) antioxidant was manu-
factured by Flexsys (Akron , USA). The N-tert-butyl-
2-benzothiazolesulfenamide (Santocure TBBS) ac-
celerator was also manufactured by Flexsys (Ohio,
USA). Furthermore, the sulfur vulcanizing agent was
manufactured by Siam Chemicals Co., Ltd. (Samut
Prakarn, Thailand). The dimethylol phenolic resin
(HRJ-10518) was manufactured by Akrochem Cor-
poration (Akron, USA). HRJ-10518 is a heat-reac-
tive resin that contains approximately 6–9% active
hydroxymethyl (methylol) groups. It was utilized in
the synthesis of the phenolic-modified polypropy-
lene (PhHRJ-PP) blend compatibilizer. This compat-
ibilizer was prepared in-house by blending 100 parts
by weight of polypropylene (PP) with 4 parts of
HRJ-10518 and 1 part of stannous dichloride cata-
lyst (SnCl2) at 180°C, in accordance with the prepa-
ration and characterization procedures outlined in
our previous work [34].

2.2. Compounding of natural rubber
Table 1 displays the chemical ingredients used in the
formulations of NR compounds. The preparation of
the NR compound involved several steps. Initially,
100 parts per hundred rubber [phr] of NR (STR 5L)
were masticated in an internal mixer with a mixing
chamber capacity of 50 cm3, the Brabender Plasto-
graph EC Plus (Duisburg, Germany). This mastica-
tion process occurred at 50 °C with a rotor speed of
60 rpm for 2 min. Subsequently, 5 phr of zinc oxide
and 1 phr of stearic acid, both acting as a cure acti-
vator, were sequentially introduced into the mixing
chamber, and the mixing continued for an additional
2 min. After this, 1 phr of the antioxidant (TMQ) was
added and continuously mixed for another 1 min. Fi-
nally, the cure accelerator and sulfur were succes-
sively added, and mixing continued for 1 min after
the accelerator’s incorporation, followed by contin-
uous mixing after the addition of sulfur until a total
mixing time of 7 min. The resulting rubber com-
pound was then discharged from the mixing cham-
ber, cooled to room temperature, and left in this con-
dition for at least 24 h. In this study, three different
sulfur vulcanization systems were utilized: conven-
tional (CV), semi-efficient (semi-EV), and efficient
(EV) sulfur vulcanization systems. This was achieved
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by incorporating various accelerator/sulfur ratios,
specifically 0.5/2.5, 1.5/1.5, and 2.5/0.5 in NR com-
pounds, as outlined in Table 1.

2.3. Preparation of dynamically cured NR/PP
blends

The dynamically cured NR/PP blends, also known
as NR/PP TPVs, were prepared by blending natural
rubber and polypropylene at a fixed weight ratio of
NR/PP = 60/40. The process began with the incor-
poration of the PP thermoplastic component into the
mixing chamber of an internal mixer, specifically the
Brabender Plastograph EC Plus (Duisburg, Germany).
The mixer was operated at a rotor speed of 60 rpm
and a temperature of 180°C for 2 min. Subsequently,
the hydroxymethylol phenolic resin-modified poly -
propylene (PhHRJ-PP) compatibilizer was added at
the optimal loading level of 5 wt% of PP, as per our
previous work [3]. Mixing was then continued for
an additional 2 min before introducing the designat-
ed NR compound and continuing mixing until the
plateau mixing torque was achieved. This indicates
the complete vulcanization of the NR phase, which
is dispersed within the continuous thermoplastic PP
phase [3]. The mixture was then removed from the
mixing chamber, ground into small pellets, and sub-
sequently processed to form test specimens using an
injection-molding machine, manufactured by Weltec
Machinery, Ltd., (Hongkong, China). It is noted that
the temperatures for the four zones of the barrel were
configured as follows: 180, 190, 200, and 210 °C.
Additionally, the temperature for the injection nozzle
was set to 210°C.

2.4. Curing properties of NR compounds
The curing properties of the natural rubber com-
pounds were evaluated using a Monsanto Moving Die
Rheometer, specifically the model MDR2000, Tech-
Pro, Inc. (Cuyahoga Falls, USA). Prior to testing, the

rubber samples were conditioned at 23 ±5 °C for a
minimum of 3 h. Testing was conducted at 180 °C
with an oscillation frequency of 1.7±0.1 Hz, by
ISO 6502 standard. Various characteristics were de-
termined from the resulting curing curves, including:
maximum torque (MH), minimum torque (ML),
torque difference (MH – ML), scorch time (ts1), and
cure time (tc).

2.5. Determination of crosslink density by
swelling method.

Two techniques were employed to determine the
crosslink density of the rubber phase in dynamically
cured NR/PP blends: the equilibrium swelling and
the dynamic test methods. In the swelling method,
hot xylene extraction initially removed the PP phase
in a dynamically cured NR/PP blend. To accomplish
this, a 0.5 g TPV sample was placed in a 300 mesh
stainless-steel cage and immersed in boiling xylene
for a minimum of 2 h to dissolve and eliminate the
PP phase. The PP extracted TPV product was subse-
quently subjected to analysis by thermogravimetric
analysis (TGA) to identify the presence of PP in the
TPV by observing the decomposition temperature
(Td) of the PP phase. It is noted that the Thermo-
gravimetric Analysis (TGA) was conducted using a
STA 6000 TGA instrument by Perkin Elmer, Inc.,
(Waltham, USA). A sample weighing 10–20 mg was
placed in a platinum pan. Analyses were performed
under a nitrogen atmosphere within the temperature
range of 30 to 800 °C at a heating rate of 10 °C/min.
After the complete removal of the PP phase in
PP/NR TPVs, the crosslink density of the vulcanized
NR phase was determined using the equilibrium
swelling method based on the Flory-Rhener equation
[35]. This involved immersing a 0.3 g TPV sample,
from which the PP phase had been extracted using
xylene, into toluene at room temperature and allow-
ing it to swell for 7 days. The toluene solution was
refreshed after 24 h of immersion to remove dis-
solved components. After the immersion period, the
swollen rubber samples were carefully removed, ex-
cess liquid on the specimen surfaces was wiped off,
and the specimens were dried in a vacuum oven at
40°C for 24 h. The samples were weighed to deter-
mine their final weights after the drying process. The
crosslink density was then determined by comparing
the final weights to their original weights before im-
mersion, as described in the Flory-Rhener equation
[35] (Equation (1)):
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Table 1. Formulations of NR compounds with different cur-
ing systems.

Ingredients CV
[phr]

Semi-EV
[phr]

EV
[phr]

NR 100 100 100
ZnO 5 5 5
Stearic acid 1 1 1
TMQ 1 1 1
TBBS 0.5 1.5 2.5
Sulfur 2.5 1.5 0.5



(1)

where v represents the crosslink density [mol/m3],
the fraction of rubber within a swollen network is rep-
resented as ϕp, and VL corresponds to the molar vol-
ume of toluene, which is 106.1 cm3/mol for toluene.
Additionally, the variable X denotes the Flory–Hug-
gins interaction parameter between the polymer and
solvent, with a specific value of X = 0.4 [36].
The crosslink density of NR compounds with vari-
ous curing systems from static vulcanization was
also determined for comparative analysis.

2.6. Determination of crosslink density by
dynamic testing

The crosslink density of dynamically cured NR/PP
blends can be estimated from the shear storage mod-
ulus (G′) of the TPV at elevated temperatures above
the melting point of the thermoplastic component
within the linear viscoelastic regime [31]. In this
study, dynamic tests on NR/PP TPVs were conduct-
ed using a moving die processability tester, Rheo
Tech MDPT, Tech-Pro, Inc. (Cuyahoga Falls, USA).
A conical die with specimen dimensions of
30×30×3 mm was used for the tests, conducted in a
frequency sweep mode spanning 0.1 to 25 Hz, main-
taining a constant strain of 3%, and at a test temper-
ature of 180°C to ascertain the linear viscoelastic re-
gion’s proximity.
Typically, the vulcanization process of the rubber re-
sults in two types of crosslink density: physical
(Xphy) and chemical (Xchem) crosslink densities.
These two types of crosslink density are closely re-
lated, as expressed by the Equation (2) [37]:

(2)

where Xint represents the initial crosslink density re-
sulting from chain entanglements or other factors not
associated with chemical changes.
It is assumed that Xint remains the same before and
after vulcanization; thus, Xchem is the difference be-
tween the crosslink density measured on the speci-
men before and after vulcanization [30]. The cross -
link density of the rubber and TPVs can be deter-
mined through dynamic testing using the Flory equa-
tion, as Equation (3) [38]:

(3)

where G′ represents the shear storage modulus, R is
the gas constant, and T is the absolute temperature. 
The symbol Xint can be considered as the crosslink
density of the unvulcanized rubber, and it is directly
related to the plateau shear modulus (GN

0) of the rub-
ber network [30] (Equation (4)):

(4)

where gN is a front factor, R is the gas constant, and
T is the absolute temperature. GN

0 corresponds to the
G′(ω) value in the frequency-independent segment
(plateau zone) of the modulus-frequency curves in
uncured rubber. After crosslinking the rubber phase,
according to the theory of rubber elasticity, the fol-
lowing relationship holds [30] (Equation (5)):

(5)

where Ge is the equilibrium modulus of the cross -
linked network.
With the scope of this work, we assume that gN is
equivalent to ge. During dynamic testing, G′ and G″
can be measured on a specimen while the network
is formed. To simplify the calculation of Xchem and
Xphy from G′ values before and after vulcanization,
we make the following assumptions: (1) GN

0 can be
approximated as G′ measured at 5 Hz when testing
an uncured specimen and (2) Ge can be approximat-
ed as G′ measured at 0.5 Hz when testing a fully
cured specimen.
Finally, based on Equations (4) and (5), Xchem can be
calculated as Equation (6) [16, 38]:

(6)

2.7. Distribution of sulfidic linkages in
crosslinked natural rubber

To analyze the precise distribution of sulfidic link-
ages within the crosslinked natural rubber phase of
polypropylene-extracted NR/PP TPV and the NR vul-
canizates created via static vulcanization, thiol/amine
reactants were employed to cleave the polysulfidic
linkages [39]. This method allows the differentiation
between polysulfidic, disulfidic and monosulfidic
crosslinks by selective cleavage of bonds [40]. It has
been found that sulfur-sulfur bonds within polysul-
fidic crosslinks are particularly prone to nucleophilic
attacks by secondary thiolate ions, as confirmed by
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a thiol/amine chemical probe, while monosulfidic
and disulfidic linkages remain unaffected [41]. In
this work, the swollen samples acquired during the
determination of crosslink density were initially im-
mersed in a mixed solution comprising 0.4 M
2-propanethiol and 0.4 M piperidine in n-heptane
and allowed to remain at room temperature for a
minimum of 2 h under nitrogen atmosphere to facil-
itate the thorough diffusion of the thiol/amine chem-
ical probes into the crosslinked structure. After the
reaction, the sample was meticulously washed with
petroleum ether and subsequently dried in a vacuum
oven at 40°C for 24 h. The remaining crosslink den-
sity was determined using the swelling procedure de-
scribed previously by Equation (1). It is assumed that
all polysulfidic linkages have been disrupted, result-
ing in a crosslink density comprising solely the sum
of monosulfidic and disulfidic linkages. Then, the
content of disulfidic and monosulfidic linkages was
quantified by immersing the previous obtained sam-
ple in a mixed solvent of 1 M 1-hexanethiol in piperi-
dine for a minimum of 48 h at room temperature.
This treatment effectively broke the disulfidic and
polysulfidic linkages. After the reaction, the sample
was washed with petroleum ether and dried. The re-
maining crosslink density was assessed using the de-
scribed swelling procedure. In such cases, it is as-
sumed that the procedure breaks all polysulfidic and
disulfidic bridges, leaving only the monosulfidic
bonds intact. Combining these two chemical treat-
ments allowed for the discrimination between mono-
sulfidic, disulfidic, and polysulfidic crosslinks. The
crosslink density of the samples, with the sum of
monosulfidic and disulfidic linkages, as well as mono-
sulfidic linkages, was ultimately determined using
Equation (1). The obtained contents of the monosul-
fidic, disulfidic, and polysulfidic crosslink densities
were determined by subtracting the appropriate val-
ues from the overall crosslink density separately.

2.8. Mechanical properties
Dumbbell-shaped specimens of dynamically cured
NR/PP blends, each with a thickness of 2 mm, were
fabricated through thermoplastic injection molding
using the TII-90F model from Welltec Machinery Ltd.
(Hong Kong, China). These specimens were allowed
to condition at room temperature for a minimum of
24 h. The stress-strain characteristics were assessed
using a Hounsfield Tensometer, H 10 KS model,
Hounsfield Test Equipment Co., Ltd. (Croydon,

England). The testing procedure was conducted at a
controlled temperature of 25±2 °C, with a crosshead
speed of 500 mm/min, following ISO 37 standards.
Additionally, the tension set, or tensile set, was eval-
uated by ASTM D412 guidelines using a dumbbell-
shaped specimen on a Hounsfield Tensometer. The
testing procedure involved elongating the sample to
100% of its initial length, maintaining this extension
for 10 min before releasing it from the extending
clamp. After allowing the specimen to retract for ap-
proximately 10 min, the tension set was calculated
using the Equation (7):

(7)

where L represents the observed distance between
benchmarks after the 10 min retraction period [mm],
and Lo is the original distance between benchmarks
before the start of the test [mm].
The indentation hardness (Shore A) was determined
using a digital indentation durometer, Toyo Seiki
Seisaku-Sho, Ltd (Tokyo, Japan), following the
ASTM D2240 standard. All tests were conducted at
room temperature, maintaining a specimen thickness
of at least 6.0 mm. Five replicates were performed
on identical specimens to ensure accuracy, and the
arithmetic mean of the recorded values was reported.

2.9. Dynamic properties
The dynamic properties of the dynamically cured
NR/PP blends were assessed regarding the relation-
ship between storage shear modulus versus frequen-
cy, tan δ versus frequency, and complex viscosity
versus frequency. This characterization was conduct-
ed using a Rubber Process Analyzer, RheoTech
MDPT, Tech Pro Inc. (Cuyahoga Falls, USA). The
evaluation process involved placing a sample meas-
uring 30×30×3 mm onto the lower die of the rubber
process analyzer. The upper die was then closed to
achieve a constant volume within a conical-shaped
die. Testing was carried out in frequency sweep
mode within the range of 0.1–25 Hz, maintaining a
constant strain of 3% at a temperature of 180 °C.

2.10. Morphological properties
Morphological properties of NR/PP TPVs were ex-
amined using a scanning electron microscope (SEM),
the FEI Quanta 400, FEI Company (Hillsboro,
USA). The samples were initially cryogenically frac-
tured in liquid nitrogen to generate fresh, unaltered
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fracture surfaces. Subsequently, the PP phase was se-
lectively extracted using hot xylene for 30 min. This
resulted in the creation of a TPV surface predomi-
nantly characterized by vulcanized rubber domains
concentrated at the surface and adhering firmly to
the TPV’s inner layer. The extracted samples were
then subjected to a 3 h drying process in a vacuum
oven maintained at 40 °C to eliminate solvent con-
tamination completely. Finally, the dried surfaces
were coated with gold and subjected to SEM exam-
ination. The size of vulcanized NR domains dis-
persed in the PP matrix was estimated in terms of the
number-average (Dn) domain diameters by using the
Equation (8) [42]:

(8)

where Ni is the number of particles with diameter Di.

2.11. Thermal properties
Thermal properties were determined using the TA
Instruments’ differential scanning calorimeter, model
DSC Q100 (New Castle, USA), equipped with a TA
Universal Analysis thermal analysis data station and
a compression cooling system (RCS). The assess-
ment involved subjecting the sample, placed in an
aluminum pan, to a temperature range from room
temperature (25 °C) to 180 °C at a heating rate of
5°C/min. This temperature was maintained for 5 min
to nullify any prior thermal effects. Subsequently,
the sample was cooled down to –100°C at the same
rate of 5 °C/min, and the resulting differential scan-
ning calorimetry (DSC) thermogram during the
cooling process was recorded. The sample was then
reheated at the same rate to 180°C, capturing anoth-
er DSC thermogram. These outcomes were utilized
to ascertain the glass transition temperature (Tg) of
the NR phase, melting temperature (Tm), and crys-
tallinity (XPP) of the polypropylene (PP) phase with-
in the NR/PP thermoplastic vulcanizate (TPV). The
degree of crystallinity (XPP) in the polypropylene
phase was determined using the heat of crystalliza-
tion of the blend, ∆HTPV, the known heat of crystal-
lization of PP, ∆HPP (= 209 J/g) [43] and its mass
fraction (mPP), as a Equation (9):

(9)

3. Results and discussion
3.1. Mixing torque during dynamically

vulcanized NR/PP blends
Figure 1 illustrates the time profiles of mixing torque
and temperature for dynamically cured 60/40 NR/PP
blends employing various sulfur vulcanization sys-
tems. It can be seen that each blend exhibits three
discernible peaks of mixing torque. The initial peak,
occurring around 1 min of mixing time, is associated
with the incorporation and subsequent melting of PP.
This corresponds to the decreasing and then gradu-
ally increasing mixing temperature, creating an op-
posing peak in the temperature profile. Subsequent-
ly, a minor shoulder appears in mixing torque at
approximately 2 min, corresponding to the addition
of the PhHRJ-PP blend compatibilizer. The second
pronounced mixing torque peak, around 4–5 min of
mixing time, is linked to the incorporation of the NR
compound. Following this stage, the mixing torque
experiences a rapid decrease with increasing mixing
time, attributed to the softening of the rubber com-
pounds. This peak also corresponds to the fluctuating
temperature profile, forming the second downward
peak of mixing temperature. The final mixing torque
peaks emerge at distinct mixing times of approxi-
mately 5.9, 6.4, and 7.6 min for blends cured with
CV, semi-EV, and EV-curing systems, respectively.
These peaks align closely with the dynamic vulcan-
ization of NR compounds within the NR/PP TPV.
This is associated with the gradual increase in the
mixing temperature, which results from the exother-
mic reaction of rubber vulcanization and the rising
shearing forces, primarily due to the increased vis-
cosity resulting from the formation of crosslinks be-
tween NR molecules. Furthermore, the positions of
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Figure 1. Mixing torque-time curves of dynamically cured
60/40 NR/PP blends with various sulfur vulcan-
ization systems.



the third peaks of mixing torque closely correspond
to the curing behavior of the NR compound under
static curing conditions, as demonstrated in Figure 2a
and data summarized in Table 2. It is evident in
Figures 1 and 2a that reversion phenomena were ob-
served in both static and dynamic vulcanization
processes for these NR compounds, where the
torques abruptly decreased after reaching their max-
imum values in Figures 1 and 2a.
Furthermore, the onset or initiation of dynamic vul-
canization in Figure 1 is notably earliest at 5.9 min
for CV, followed by the intermediate second peak at
6.4 min for semi-EV, and the final third peak at
7.6 min for EV cured systems. These time points
closely correspond to the scorch times for static cur-
ing of the corresponding NR compounds, which were
recorded at 0.65, 0.77, and 1.03 min for CV, semi-EV,
and EV cured systems, respectively (Table 2). Also,
the mixing time for the 10–12 min for the dynamic
vulcanization is more or less enough to ensure the
fully vulcanized NR phase in NR/PP TPVs due to
the maximum cure time of the static cured NR com-
pound was found at 2.29 min for EV cured system
(Table 1). Furthermore, the crosslinking rate in static
vulcanization, as observed from the slope or gradient
of the initial segment of the curing curves (Figure 2a),
is closely related to the gradient of the third peaks in
dynamic vulcanization (Figure 1). In other words,
the CV and semi-EV systems exhibit a similar cross-
linking rate, whereas the EV system undergoes a
more extended induction period before vulcanization
along with a lower gradient in the torque-time plot.
Moreover, the mixing time of 10–12 min during dy-
namic vulcanization is generally sufficient to ensure
the complete vulcanization of the rubber, consider-
ing that the maximum cure time for the statically

cured NR compound is only 2.29 min for the EV
cured system (Table 2). Therefore, the rate of
crosslinking, the extent of reversion, and conse-
quently, the number of crosslinks exhibit significant
variations depending on the type of curing system,
both in statically and dynamically cured rubber com-
pounds. The extent of reversion in the statically
cured compound can be determined using Equa-
tion (10) [24], as results illustrated in Figure 2b:

(10)

where S′max and S′min are the maximum and minimum
torques respectively and S′(t) is the elastic torque at
a given time t.
After an initial induction period, which corresponds
to their scorch time (Table 2), it becomes evident
that the reversion increased with prolonged curing
time. This phenomenon can be attributed to the
breakdown of polysulfidic linkages, which have lower
bond dissociation energy (252 kJ/mol), into disul-
fidic (268 kJ/mol) and mono-sulfidic (285 kJ/mol)
linkages with higher bond dissociation energy [44].
It is evident that the CV cured system with the high-
est proportion of polysulfidic crosslinks displayed
the highest reversion degree, followed by the
semi-EV and EV cured systems, by their respective
polysulfidic contents. In addition, the reversion lev-
els for CV, semi-EV, and EV cured systems during
static vulcanization at a curing time of 9 min were
recorded at 20.08, 13.20, and 6.20%, respectively.
The reversion of the dynamically cured NR/PP TPV
was also evaluated using the same principle and
found the same trend of reversion but a significant
difference in reversion degree at about 90.03, 77.45,
and 72.60% for CV, semi-EV, and EV-cure systems,
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Figure 2. Static curing behaviors of different NR compounds when cured with CV, semi-EV, and EV systems, as tested at
180°C, are depicted through cure curves showing the elastic torque (a) and reversion levels (b).



respectively. This is due to the large influence of
higher shear and extensional forces inserted on the
rubber sample with the turbulence flow inside the
mixing chamber during dynamic vulcanization.
Therefore, the rate of crosslinking, the extent of re-
version, and the amount of sulfidic crosslinks show
significant variations depending on the type of cur-
ing system, in both statically and dynamically cured
rubber compounds.

3.2. Thermogravimetric analysis (TGA)
Figure 3 illustrates TGA and derivative thermo-
gravimetry (DTG) thermograms of pure PP, NR vul-
canizate, and NR/PP TPV after the removal of the PP
phase through xylene extraction. It can be seen that
the NR vulcanizate displayed a single degradation
step, characterized by a single DTG peak with a max-
imum degradation temperature (Td) around 380°C.
Similarly, pure PP exhibited a single degradation step
with a higher degradation temperature of approxi-
mately 450°C. However, the TGA and DTG thermo-
grams of NR/PP TPV revealed two distinct degrada-
tion stages, represented by double DTG peaks at
around 380°C and 450°C. These temperatures corre-
spond to the degradation of NR and PP components
in the TPV, respectively. Furthermore, after the re-
moval of the PP phase by xylene extraction of NR/PP
TPV, the TGA and DTG thermograms of the obtaining

material displayed a single step of degradation behav-
ior and weight loss similar to that of the NR vulcan-
izate. This confirms the effective removal of the PP
phase in NR/PP TPV through xylene extraction at
high temperatures, leaving only the vulcanized NR
phase. Consequently, the evaluation of crosslink den-
sity and its characteristics in the remaining NR phase
of the TPV appears to be more or less favorable.

3.3. Crosslink density and its distribution in
vulcanized NR

The crosslink density of the NR vulcanizate and the
NR phase in dynamically cured NR/PP blends with
various sulfur curing systems is illustrated in Table 3.
It can be seen that the NR vulcanizates obtained from
CV systems demonstrate significantly higher total
crosslink density in comparison to the rubber phase
employing the corresponding curing systems in dy-
namically cured NR/PP blends. This discrepancy
might stem from reduced crosslinking efficiency
within the rubber phase during dynamic vulcaniza-
tion, influenced by shear and elongational flows dur-
ing the phase morphology transformation – from a
co-continuous phase structure to the dispersion of
vulcanized NR phase domains within the thermo-
plastic matrix [3]. Moreover, the dynamic vulcaniza-
tion and this subsequent transformation occur within
the highly viscous molten PP phase. This viscosity-
related effect induces a dilution impact and forms a
diffusion barrier of curing ingredients due to the
presence of the PP component. Consequently, these
factors might disrupt the interactions between the re-
active sites of rubber chains and the vulcanizing
agents, impeding the crosslinking reaction and re-
sulting in a lower crosslink density than static vul-
canization, where the PP phase does not interfere.
Moreover, within statically cured NR, the CV system
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Table 2. Cure characteristics of different static vulcanized
NR compounds with CV, semi-EV, and EV-cured
systems, tested at 180°C.

Cure
system

S′min
[dN·m]

S′max
[dN·m]

Cure time,
tc

[min]

Scorch time,
ts1

[min]
CV 1.67 9.56 1.87 0.65
Semi-EV 1.33 8.47 1.24 0.77
EV 1.11 7.92 2.29 1.03

Figure 3. TGA (a) and DTG (b) thermograms of pure PP, NR vulcanizate, NR/PP TPV, and NR/PP TPV after the removal
of PP by xylene extraction.



displayed the highest total crosslink density, follow-
ing the order of CV > semi-EV > EV cured systems.
However, within dynamically cured NR/PP TPV
blends, the crosslinking trend in the NR phase demon-
strates an inverse sequence among the EV >
semi-EV > CV cured systems. This divergence is at-
tributed to intense heat treatment under shear and ex-
tensional flows during the dynamic vulcanization of
the rubber phase, leading to severe reversion phe-
nomena in dynamic vulcanization. This is evident
from the rapid decline in mixing torque within a
short mixing duration. Furthermore, it is apparent
that the distribution of crosslinks predominantly
comprises stronger di-sulfidic and mono-sulfidic
linkages (Table 3), originating from the transforma-
tion of weaker polysulfide linkages during reversion
in dynamic vulcanization. Hence, within the vulcan-
ization process, the interplay among crosslinking re-
actions, desulfurization, and the breakdown of newly
formed linkages creates a competitive environment
that significantly impacts both the resulting crosslink
density and its distribution [44]. This includes de-
composition reactions involving polysulfidic and
disulfidic crosslinks, cyclic sulfides, conjugated di-
enes, trienes, and cis/trans-isomerized groups within
the rubber chains, typically observed at temperatures
exceeding 160°C [45].
In Table 3, it is evident that the crosslinks within the
NR phase of NR/PP TPV utilizing CV, semi-EV, and
EV cured systems primarily consist of monosulfidic
and disulfidic crosslinks, following the trend of
monosulfidic > disulfidic > polysulfidic bonds. How-
ever, the statically vulcanized NR vulcanizates show
a contrasting trend, displaying the highest concen-
tration of polysulfidic linkages. This discrepancy
could be ascribed to the substantial influence of heat
generated and curing viscosity during dynamic vul-
canization, leading to notable reversion. This process
transforms primarily existing polysulfidic linkages
into shorter crosslinks, such as monosulfidic and
disulfidic linkages. These transformations result in

distinct mechanical and other related material prop-
erties between statically and dynamically vulcanized
materials, which will be further explored in the sub-
sequent section. 
Table 4 displays the total crosslink densities of the
NR phase within the NR/PP TPV, calculated using
the storage modulus (G′) at frequencies of 0.5 and
5 Hz through the methodology defined in Equa-
tion (6). The crosslink density follows a consistent
trend across the EV > semi-EV > CV cured systems,
as determined by employing the Flory-Rhener equa-
tion (Equation (1)) on TPV samples after complete
removal of the PP phase. The crosslink densities in
the CV and semi-EV cured systems are slightly lower
compared to those obtained from the swelling
method. However, they are more or less similar in
terms of crosslink density levels. Hence, the frequen-
cy sweep dynamic testing appears to offer a viable
means to assess the overall crosslink density of TPV
materials.

3.4. Mechanical properties
Figure 4 illustrates the stress-strain characteristics
of dynamically cured NR/PP blends using various
sulfur vulcanization systems. It is evident that the
blend cured with the EV system demonstrates the
highest stress, elongation at break, and overall area
under the curve, indicating superior material tough-
ness, as highlighted in Table 5. Conversely, the TPV
with semi-EV cured system exhibits intermediate
values for these properties, while the CV cured ma-
terial displays the lowest values. These differences
can be attributed to the varying concentrations of
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Table 3. Crosslink density of NR vulcanizate and NR phase in NR/PP TPVs across different sulfur vulcanization systems
utilizing the Flory-Rhener equation (Equation (1)).

Type of crosslink
CV Semi-EV EV

NR in TPVs NR vulcanizate NR in TPVs NR vulcanizate NR in TPVs NR vulcanizate
Total crosslink [mol/cm3·10–4] 2.43 11.450 2.57 9.62 2.65 7.89
Mono-sulfidic [mol/cm3·10–4] 1.53 1.45 1.56 2.12 1.59 4.86
Disulfidic [mol/cm3·10–4] 0.81 3.75 0.95 4.70 1.00 2.07
Polysulfidic [mol/cm3·10–4] 0.09 6.15 0.06 2.74 0.06 1.05

Table 4. Crosslink density of NR phase in dynamically cured
NR/PP blends with various sulfur vulcanization sys-
tems, determined via dynamic testing.

Curing systems Crosslink density
[mol/cm3·10–4]

CV 1.93
Semi-EV 2.13
EV 2.64



strong linkages with higher bond dissociation energy,
monosulfidic, and disulfidic linkages (Table 3), with
the EV system showing the highest content, fol-
lowed by the semi-EV, and the lowest in the CV cur-
ing system. In contrast to this trend, the stress-strain
curves of NR vulcanizates, based on the static vul-
canization of different sulfur-cured systems as demon-
strated in Figure 5, reveal significantly lower Young’s
moduli in the linear ranges at the beginning of the
curves when compared to the curves of NR/PP TPVs
(Figure 4). Moreover, a pronounced increasing trend
of stress at about 600% strain is observed due to
strain-induced crystallization. Additionally, the static
rubber vulcanizates exhibit a contrasting trend in
tensile strength when compared to dynamically
cured NR/PP blends (Figure 4), following this order:
CV > semi-EV > EV cured system.
In Table 5, it is observed that the various types of
NR/PP TPVs exhibit similar hardness (Shore A) val-
ues. However, the TPV with EV cured system dis-
plays the lowest tension set, indicating superior elas-
ticity or a greater tendency to recover from prolonged

extension, followed by the TPV with semi-EV and
CV curing systems, respectively. Hence, the pres-
ence of short sulfidic linkages not only enhances ten-
sile and hardness properties but also contributes to
the increased elasticity of the TPV materials.

3.5. Dynamic properties
Figure 6 illustrates the storage shear modulus plotted
against oscillating frequency for dynamically cured
60/40 NR/PP blends utilizing various sulfur vulcan-
ization systems. In this study, the oscillating frequen-
cy ranged from 0.1 to 25 Hz, maintaining a constant
strain of 3% to ensure the linear viscoelastic range.
It can be seen that all TPVs exhibited an increasing
trend in storage modulus with rising frequency due
to reduced time available for molecular relaxation.
At a specific frequency representing the shear rate,
the TPV with the EV cured system displayed the
highest storage shear modulus, followed by the
TPVs with semi-EV and CV cured systems, respec-
tively. This trend corresponds with the observed
characteristics in the levels of short linkages (i.e.,
monosulfidic and disulfidic bonds in Table 3), con-
sequently impacting tensile strength, elongation at
break, and tension set (Table 5). That is, the NR/PP
TPV with the EV cured system contains a higher
content of short monosulfidic and disulfidic link-
ages, enhancing the material’s strength and elasticity.
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Figure 4. Stress-strain curves of dynamically cured 60/40
NR/PP blends using different sulfur vulcanization
systems.

Figure 5 Stress-strain curves of NR vulcanizates with vari-
ous sulfur-cured systems.

Table 5. Mechanical properties of dynamically cured NR/PP
blends with different curing systems
Properties CV Semi-EV EV

Tensile strength [MPa] 9.7±0.1 9.4±0.1 10.3±0.1
Elongation at break [%] 131±10 281±11 324±10
Tension set [%] 46±0 43±0 40±0
Hardness [Shore A] 87±1 88±1 88±1

Figure 6. Storage shear modulus as a function of oscillating
frequency for dynamically cured 60/40 NR/PP
blends employing different sulfur vulcanization
systems.



The mechanical properties (Table 6) and storage
shear modulus (Figure 6) trends also correspond
well with the complex viscosity trend at a given fre-
quency, as depicted in Figure 7. Notably, the com-
plex viscosity at a specific frequency follows the
same order as the storage shear modulus: EV >
semi-EV > CV cured systems. Additionally, all sets

of the molten NR/PP TPV exhibited shear-thinning
behavior, reflected by a decrease in complex viscos-
ity with increasing frequency or shear rate.
Figure 8 displays tan δ as a function of oscillating
frequency for dynamically cured 60/40 NR/PP
blends using various sulfur vulcanization systems. It
is evident that all TPV materials predominantly ex-
hibit elastic behavior, as indicated by tan δ values
being less than 1. Furthermore, the TPV cured with
the EV system demonstrated the lowest tan δ, fol-
lowed by the semi-EV and CV cured systems, in se-
quence. This observation signifies that the TPV with
the EV cured system possesses a more elastic nature
compared to those cured with semi-EV and CV sys-
tems. This distinction arises from the higher pres-
ence of short crosslinks in the vulcanized NR do-
mains. These findings correspond well with the
lower tension set and higher elongation at break ob-
served in the NR/PP TPV cured with the EV system
(Table 5).

3.6. Morphological studies
Figure 9 presents SEM micrographs illustrating the
dynamically cured NR/PP blends using different sul-
fur vulcanization systems. Notably, selective re-
moval of the PP phase from the TPV surface was
achieved through hot xylene extraction. This process
revealed the adherence of rubber domains to the
inner TPV surface, allowing visualization of their
morphology.
The images in Figure 9 depict a phase separation re-
sulting in a dual or two-phase morphology, high-
lighting micron-sized spherical vulcanized NR do-
mains finely dispersed within the PP matrix. Table 6
presents the estimated size of these dispersed vulcan-
ized rubber domains, determined using Equation (8).
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Figure 7. Complex viscosity as a function of oscillating fre-
quency of dynamically cured 60/40 NR/PP blends
with various sulfur vulcanization systems.

Figure 8. Tanδ as a function of oscillating frequency of dy-
namically cured 60/40 NR/PP blends with various
sulfur vulcanization systems.

Figure 9. SEM micrographs of dynamically cured 60/40 NR/PP blends with different sulfur vulcanization systems: CV (a),
semi-EV (b), and EV (c).



The analysis distinctly demonstrates variations in the
particle size of rubber domains based on the utilized
vulcanization system. In particular, the NR/PP TPV
cured with the EV system revealed the smallest vul-
canized NR domains, followed by the semi-EV and
CV cured systems, respectively. This result could be
ascribed to the elevated shear and extensional viscosi-
ties encountered during dynamic vulcanization, as in-
dicated by the highest final mixing torque observed
in the TPV cured with the EV system (Figure 1). El-
evated viscosities tend to induce significant break-
down of the vulcanizing rubber phase, transitioning
from a co-continuous phase morphology to the for-
mation of small vulcanized rubber droplets dispersed
within the low-viscosity molten PP matrix. There-
fore, the average size of NR domains in the dynam-
ically cured NR/PP blends was rank ordered accord-
ing to the curing system: CV > semi-EV > EV.
(Table 6). The TPV cured with the EV system exhib-
ited smaller rubber domains primarily due to the
higher shear viscosity, leading to the formation of
shorter crosslinks, including monosulfidic and disul-
fidic linkages (Table 3). This led to larger interfacial
areas and consequently fostered enhanced adhesion
between the NR and PP phases. These improvements
manifested in enhanced mechanical and dynamic
properties, specifically evident in increased tensile
strength, elongation at break (Table 5), storage shear
modulus (Figure 6), complex viscosity (Figure 7)
and elasticity measured by tension set (Table 5) and
tanδ (Figure 8).

3.7. Thermal properties
The thermal behavior of dynamically cured 60/40
NR/PP blends was analyzed via differential scanning
calorimetry (DSC), as results depicted in Figure 10.
These DSC thermograms contain both cooling and
heating curves, elucidating diverse thermal proper-
ties influencing the glass transition temperature (Tg)
of the NR phase, crystallization temperature (Tc),
crystalline melting temperature (Tm), and the degree

of crystallinity (Xpp) within the PP phase. Further
elaboration on these details can be found in Table 7.
It can be seen that the NR phase in dynamically
cured NR/PP blends demonstrates a remarkable ca-
pability to maintain a very low glass transition tem-
perature (Tg), akin to that of the pure statically cured
NR vulcanizate [46]. This emphasizes the NR/PP
TPV’s ability to effectively serve as elastomeric ma-
terials. Notably, the Tg of the NR phase in TPVs, es-
pecially those cured with the EV system, showed the
lowest values, followed by the materials cured with
semi-EV and CV, respectively. This aligns seamless-
ly with the observed trend in the tension set (Table 5)
and tanδ (Figure 8), where the elasticity of TPVs fol-
lows the sequence: EV > semi-EV > CV cured sys-
tem. This pattern also corresponds to the hierarchy
of short monosulfidic and disulfidic linkage con-
tents: EV > semi-EV > CV cured system (Table 3).
Table 7 also reveals that the TPV cured with the EV
system displays the highest crystallization tempera-
ture (Tc) and crystalline melting temperature (Tm),
following the same order: EV > semi-EV > CV cured
systems. This could potentially be attributed to
smaller vulcanized rubber domains dispersed within
the PP matrix (Figure 9), creating stronger interfacial
forces between the vulcanized NR domains and PP.
These forces might impede and delay the crystalliza-
tion process within the PP phase, resulting in the for-
mation of the lowest degree of crystallinity (Xpp) in
the PP phase of NR/PP TPV cured with the EV sys-
tem, followed by those cured with semi-EV and CV
systems, respectively (Table 7). It is noteworthy that
higher degrees of crystallinity typically yield greater
material strength. However, in this context, the TPV
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Table 6. Average particle sizes of vulcanized NR domains
dispersed in PP matrix of dynamically cured 60/40
NR/PP blends with various types of sulfur cured
systems.

Curing systems Particle size
[µm]

CV 1.81±0.25
Semi-EV 1.67±0.28
EV 1.14±0.21

Figure 10. DSC thermograms ( heating and cooling curves)
of dynamically cured 60/40 NR/PP blends with
different sulfur cured systems.



cured with the EV system, despite exhibiting the
lowest degree of crystallinity, demonstrates the high-
est strength properties (Figure 4 and Table 5). This
discrepancy might be attributed to the influence of
crosslink types and their distribution within smaller
micron-sized NR domains, wherein higher interfa-
cial adhesion potentially outweighs the influence of
the degree of crystallinity in the PP phase.

4. Conclusions
Thermoplastic vulcanizates consisting of natural
rubber and polypropylene blends underwent prepa-
ration utilizing three distinct sulfur vulcanization
systems: CV, semi-EV, and EV cured systems. Fol-
lowing this, the polypropylene phase was extracted
from NR/PP TPVs by hot xylene. The verification
of complete PP phase removal was accomplished
through TGA, which indicated the absence of the Td
of PP in the TGA thermogram. It was observed that
the NR phase in dynamically cured NR/PP blends ex-
hibited similar curing characteristics to statically
cured NR compounds, suggesting similarities in re-
version phenomena. Additionally, the onset of vul-
canization and the peaks of mixing torque during dy-
namic vulcanization closely correlated with the
scorch time of the statically cured NR compound.
Reversion took place during the curing process due
to the breakdown of low bonding energy linkages,
polysulfidic bonds, leading to their transformation
into higher bonding energy linkages: monosulfidic
and disulfidic linkages. Quantification of the rever-
sion degree revealed that for static cures at a curing
time of 9 min, the reversion levels were 20.08,
13.20, and 6.20% for CV, semi-EV, and EV, respec-
tively. On the other hand, the reversion degree of the
dynamically cured NR in NR/PP TPV followed a
similar trend but exhibited significant differences at
about 90.03, 77.45, and 72.60% for CV, semi-EV,
and EV cure systems, respectively. This discrepancy
is attributed to the substantial influence of shear and

extensional forces exerted on the rubber sample
within the mixing chamber’s turbulent flow during
dynamic vulcanization. Crosslink density was quan-
tified using swelling and dynamic testing methods,
revealing a consistent trend in total crosslink densi-
ties, affirming the potential use of dynamic testing
to track the total crosslinks in the rubber phase of
TPV material. The swelling method was also em-
ployed to elucidate crosslink distribution in both
statically and dynamically cured NR compounds. It
was found that in statically cured NR, the CV system
displayed the highest total crosslink density, follow-
ing the order of CV > semi-EV > EV cured systems.
However, in dynamically cured NR/TPV blends, an
inverse trend in crosslinking was observed due to in-
tense heat treatment under shear and extensional
flows during dynamic vulcanization. This was evi-
dent from the rapid decline in mixing torque within
a short mixing duration. Furthermore, the distribu-
tion of sulfidic crosslinks in NR/PP TPV primarily
comprised disulfidic and monosulfidic linkages,
originating from the transformation of polysulfide
linkages during reversion in dynamic vulcanization.
Additionally, the slow curing reaction of rubber with
the EV cured system also causes the vulcanizing rub-
ber particles to have more time to finely disperse in
the PP matrix. As a result, the NR/TPV with EV cured
systems exhibited superior mechanical strength,
toughness, storage shear modulus, complex viscosi-
ty, and rubber elasticity, followed by semi-EV and CV
cured systems, respectively. Moreover, TPV cured
with the EV system exhibited the smallest vulcan-
ized NR domains dispersed within the PP matrix,
along with the highest Tc, Tm due to a higher content
of strong short sulfidic linkages and interfacial ad-
hesion between NR and PP phases.
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