
Shape memory polymers (SMPs) are intelligent ma-
terials capable of changing shape in response to ex-
ternal stimuli, such as heat, light, or a magnetic field.
SMPs have attracted significant attention in recent
years due to their unique properties and potential ap-
plications in various areas, e.g., in the biomedical,
aerospace, and the electronics industry (https://
doi.org/10.3144/expresspolymlett.2022.66). The con-
cept of shape memory was first discovered in the
1940s in metallic alloys, but it was not until the 1980s
that the first SMPs were developed with the use of
synthetic polymers. Early SMPs were limited in their
applicability due to their high glass transition tem-
perature and poor mechanical properties. However,
new generations of SMPs with improved perform-
ance and functionality have been developed with the
advancement of materials science and technology.
Currently, there are three main types of SMPs: ther-
moplastic, thermoset, and elastomeric SMPs. Ther-
moplastic SMPs are the most commonly used and are
characterized by their high elasticity, processability,
and excellent shape memory properties. Thermoset
SMPs offer excellent mechanical properties and ther-
mal stability. They are usually synthesized by cross -
linking the polymer chains, such as in epoxy or phe-
nolic resins. Elastomeric SMPs are highly stretchable
and have excellent shape memory properties. They are
typically a blend made from rubbers, e.g., polyiso-
prene and polybutadiene, or can be thermoplastic elas-
tomers (https://doi.org/10.1002/adma.202000713).
SMPs face diverse challenges in different fields. In
biomedicine, new SMP materials are needed that are

non-toxic and biocompatible, as well as new activa-
tion methods that respond to the human body. In
aerospace engineering, the load-bearing capacity of
SMPs has to be increased so that they can replace
more mechanical parts. Consistent repetition and
multiple-shape and two-way shape memory polymers
are now in demand in electronics. Researchers are
currently exploring different methods to meet these
demands, such as incorporating functional groups and
nanofillers (https://doi.org/10.3144/expresspolymlett.
2021.37). Another challenge is the limited range of
stimuli that can trigger the shape memory effect.
Most SMPs currently require a temperature change
to trigger the shape memory effect. However, re-
searchers are exploring new ways to trigger the
shape memory effect, such as using light or a mag-
netic field. By developing SMPs that can respond to
a wider range of stimuli, researchers can significant-
ly broaden the potential applications of these mate-
rials (https://doi.org/10.3390/polym14173511).
In conclusion, SMPs have come a long way since
their discovery in the 1980s. They offer unique prop-
erties and potential applications in various fields.
Developing new generations of SMPs with im-
proved performance and functionality is an active
area of research. Researchers are also exploring
ways to address the challenges of achieving a stable
and repeatable shape memory effect and extending
the range of stimuli that can trigger the effect. With
continued research and development, SMPs have the
potential to revolutionize materials science and en-
gineering.
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1. Introduction
Natural rubber (NR) from Hevea brasiliensisis trees
has been well-known as a renewable bio-based poly-
mer that has been widely used in a wide variety of ap-
plications. NR molecules inside the latex rubber par-
ticles consist of the proteins with trans-1,4-isoprene
units (i.e., α-terminals) connected to a long sequence

of cis-1,4-polyisoprene along with phospholipid at
the ω-terminals [1–3]. Therefore, NR is an attractive
renewable bio-based elastomer that is non-toxic. It has
excellent physical properties, including high elastic-
ity, mechanical strength, fatigue resistance, and tear
strength, together with environmental friendliness.
NR is the most used elastomer worldwide industrially,
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Abstract. Maleated natural rubber (MNR) was prepared and compounded with four alternative vulcanization systems: sulfur,
peroxide, phenolic, and mixed sulfur-peroxide vulcanization systems. It was found that the peroxide and mixed sulfur-per-
oxide cured systems show a plateau curing curve, while the sulfur-cured system exhibits reversion, and the phenolic cured
system gives marching cure behavior. Also, thermoplastic vulcanizates (TPVs) based on dynamically cured MNR and ther-
moplastic copolyester elastomer (TPC-ET) blends (i.e., MNR/TPC-ET TPVs) by using these vulcanization systems were
also prepared and characterized. The height and area underneath the dynamic vulcanization peaks in the mixing torque-time
curves directly relate to the degree of vulcanization and strength along with the nature of crosslink structures, and these had
the rank order peroxide > mixed sulfur-peroxide > phenolic > sulfur by vulcanization system. This is in good agreement
with the maximum torque, tensile strength, hardness, moduli, and toughness of MNR compounds. The locations of the peaks
also correspond to the scorch time (ts1), and the sulfur and phenolic cured systems with scorch times of 2.31 and 2.44 min
showed peaks at 3.3 and 3.4 min, respectively, offering improved process safety. The sulfur-cured TPV had sulfidic linkages
and the smallest-sized vulcanized rubber domains, giving it the highest tensile strength, elongation at break, storage modulus,
and rubber elasticity (i.e., the lowest tension set and tan δ). However, the phenolic cured TPV had the highest stiffness,
Young’s modulus, and large vulcanized rubber domains, which relate to low content of Chroman ring structures in the
crosslinked MNR vulcanizates, with a comparatively low interfacial area and hence weak interfacial interactions between
MNR and TPC-ET phases. Furthermore, the mixed sulfur-peroxide and peroxide curing systems gave intermediate tension
set, tan δ, and elongation at break.

Keywords: maleated natural rubber (MNR), thermoplastic copolyester elastomer (TPC-ET, COPE), vulcanization system,
dynamic properties, morphological properties
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in a variety of applications, due to its low price and 
good elastic, mechanical, and damping properties. 
However, NR has some limitations, including poor 
resistance to hydrocarbons, fats, oils, and greases and 
poor ozone and weathering resistance together with 
incompatibility with polar polymers [4]. Chemical 
modifications of NR molecules could be used to im-
prove the NR properties and extend the scope of NR 
applications. Succinic anhydride grafted natural rub-
ber, or maleated natural rubber (MNR), is considered 
to be one of the important NR derivatives that can 
be used to enhance blend [5, 6] and composite [7, 8] 
properties.
Thermoplastic elastomers (TPEs) are materials that 
combine the properties of thermoplastics and soft 
elastomers, but they can be processed and recycled 
as thermoplastics [9]. TPEs offer a variety of advan-
tages over conventional thermoset (vulcanized) rub-
ber materials, such as simpler processing with fewer 
steps and shorter fabrication times, which lead to 
lower finished part costs, little or no compounding 
process, reuse of scrap in the same fashion as with 
thermoplastics, and lower energy consumption and 
cost due to shorter molding cycles and simpler pro-
cessing [10]. Commercially available TPEs, based on 
chemical composition and morphology, can be cat-
egorized into eight different groups: styrenic block 
copolymers (SBCs), polymer blends by dynamic vul-
canization (TPVs), polyolefin-based thermoplastic 
elastomers (TPOs), halogen-containing polyolefins, 
thermoplastic polyurethane elastomers (TPUs), poly -
amide-based thermoplastic elastomers (COPA), poly -
ether ester elastomers (COPE), and ionomeric ther-
moplastic elastomers [11]. Therefore, there are two 
common types of TPE materials based on blending 
rubber with thermoplastics: simple blends (SBs), such 
as polyolefin-based thermoplastic elastomers (TPOs), 
and thermoplastic vulcanizates (TPVs) [12]. Simple 
blends are typically prepared by blending the poly-
mer pair without the addition of any curative, and the 
blend ends up having a co-continuous phase struc-
ture. In contrast, to prepare a TPV via dynamic vul-
canization, curing agents or a vulcanization system 
are applied to the rubber phase while it is blended 
with the thermoplastic at an elevated temperature 
[13]. Generally, the mechanical, morphological and 
other useful related properties of TPVs mainly de-
pend on various parameters, including blend com-
position [13–16], compatibility between the blend

components [17–20], phase morphology [21–24],
and vulcanization system [14, 21, 22]. Various vul-
canization systems have been exploited to vulcanize
the rubber phase during dynamic vulcanization of
rubber/thermoplastic blends to form TPV materials,
for instance, sulfur [12, 15, 20, 21, 24], peroxide [14,
18, 21, 23, 25], phenolic [16, 19, 21, 22], bis-
maleimide [21, 25, 26], sulfur donor [17, 27], and
coagents sulfur and bismaleimide [21]. Different vul-
canization systems typically provide different cross -
link structures, morphological properties, sizes of vul-
canized rubber domains, and mechanical, dynamic,
and other structure related properties.
Natural rubber (NR) is typically used as one possible
elastomeric component in a TPE, which is then gen-
erally called thermoplastic natural rubber (TPNR)
[28]. Besides the normal NR form, chemically mod-
ified NRs such as epoxidized natural rubber (ENR)
and maleated natural rubber (MNR) have also been
used to prepare TPNR, owing to their unique prop-
erties, high polarity, good compatibility with polar
thermoplastics, and air impermeability. There are
many kinds of thermoplastics that have been used to
prepare TPNR based on blending with MNR, such as
polypropylene [29–31], poly(lactic acid) [32, 33], sul-
fonated polystyrene [34, 35], high-density polyeth-
ylene [36], and poly(methyl methacrylate) [37].
The main aim of this research study was to assess
the influences of alternative vulcanization systems
on the curing, mechanical, rheological, and dynamic
properties of MNR vulcanizates based on static vul-
canization. The four different vulcanization systems
used were sulfur, peroxide, phenolic, and mixed sul-
fur-peroxide vulcanization systems. Then, the dynam-
ically cured TPC-ET/MNR blends were prepared
with the alternative vulcanization systems, with the
main aim being to prepare TPV materials with high
damping and other related properties at a low hard-
ness (i.e., lower than 80 Shore A). This is because
TPC-ET, with low hardness, is not appropriate for
industrial applications due to its very poor damping
properties. The addition of a high damping material
component with some polarities and decent elastic
properties, like MNR, could improve the elasticity
and damping properties of TPC-ET materials. These
new materials might be suitable for various industri-
al applications, such as appliances and automotive
parts (interior and exterior), demanding both elastic-
ity and strength.
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2. Experimental
2.1. Materials 
Natural rubber, Standard Thai Rubber (STR 5L) with
Mooney viscosity (ML1+4, 100 °C) range 70–75,
was manufactured by Tavorn Rubber Industry (1982)
Company Limited (Songkla, Thailand). It was used
as a raw material to prepare maleated natural rubber
(MNR) by the preparation and characterization pro-
cedures described in our previous work [38, 39].
Maleic anhydride (MA) used in the preparation of
maleated natural rubber (MNR) was manufactured
by Fluka Chemika Co., Ltd (Buchs, Switzerland).
Thermoplastic copolyester elastomer (TPC-ET),
Hytrel® G3548L, was manufactured by DuPont
(Wilmington, USA). It is a block copolymer consist-
ing of a hard (crystalline) segment of polybutylene
terephthalate and a soft (amorphous) segment based
on polyether chemistry. Hytrel® G3548L is a low
modulus grade with a nominal durometer hardness
of 35D, melt flow index (MFI) of 10 g/10 min
(190°C, 2.16 kg, ISO 1133) and shear viscosity at a
shear rate of 1000 s–1 = 135 Pa·s (190°C). The zinc
oxide used as an activator in the sulfur curing system
was manufactured by Global Chemical Co., Ltd
(Samut Prakarn, Thailand). The stearic acid used as
an activator was manufactured by Imperial Chemical
Co., Ltd (Pathum Thani, Thailand). Wingstay® L was
used as  a highly effective polyphenol antioxidant,
supplied by Synthomer plc (London, UK). The sul-
fur used as a vulcanizing agent was manufactured by
Siam Chemicals Co., Ltd, (Samut Prakarn, Thai-
land). The N-tert-butyl-2-benzothiazolesulphen amide
(Santocure TBBS) used as an accelerator was man-
ufactured by Flexsys Chemicals Belgium NV
(Antwerp, Belgium). The Santoflex 6PPD (N-phenyl-
N′-1,3-dimethylbutyl-p-phenylenediamine) used as an
antioxidant was manufactured by Flexsys Chemicals

Belgium NV (Antwerp, Belgium). Dicumyl perox-
ide (DCP) used as a curing agent of MNR was man-
ufactured by Wuzhou International Co., Ltd., (Wuxi,
China). Triallyl cyanurate (TAC) was used as a coa-
gent in the peroxide curing system and was manu-
factured by Fluka Chemie GmbH (Buchs, Switzer-
land). The dimethylol phenolic resin with active
hydroxy methyl (methylol) groups, grade HRJ-10518
(made by reacting octylphenol and formaldehyde),
was used as a phenolic curing agent and was manu-
factured by Schenectady International Inc., (New
Port, USA).

2.2. Preparation of maleated natural rubber
compounds with various vulcanization
systems

Maleated natural rubber (MNR) was first prepared
in-house, as described in our previous work [38, 39].
It was then compounded with the various vulcaniza-
tion systems (i.e., sulfur, peroxide, phenolic, and mixed
sulfur-peroxide systems) by using chemical ingredi-
ents, as shown in Table 1. The compounding of rub-
ber and chemicals was performed in an internal
mixer, Brabender® Measuring Mixers, model 50EHT
3Z, Brabender® GmbH & Co. KG, (Duisburg,·Ger-
many) at 40 °C, and at rotor speed 60 rpm according
to the mixing schedule in Table 2. After dumping the
rubber compound from the mixing chamber, it was
further homogenized by passing through the 1 mm
nip of a CT two-roll mill, Charoen TuT Co., Ltd.
(Samut Prakarn, Thailand) with a friction ratio of
1:1.25 at ambient temperature for about 5 min. Then,
cure characteristics of the MNR compound were an-
alyzed by using a moving die rheometer (MDR),
Rheo Tech MDPT, Tech Pro Inc, (Cuyuhoga Falls,
USA) at 170°C. The MNR compound was eventual-
ly fabricated to a thin sheet of about 2 mm thickness
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Table 1. Compounding formulation of maleated natural rubber (MNR) with various vulcanization systems.

Chemical 
Quantity

[phr]
Sulfur Peroxide Phenolic Mixed sulfur-peroxide

MNR 100 100 100 100
ZnO 5 5 5 5
Stearic acid 1 1 1 1
6PPD 1 1 1 1
TBBS 1 – – 0.5
Sulfur 3.5 – – 1.75
DCP – 2 – 1
TAC – 1 – 0.5
HRJ-10518 – – 7 –



by compression molding, using a compression mold-
ing machine model IA, Chaicharoen Karn Chang,
Ltd., (Bangkok, Thailand) at 170°C and high pressure
for the respective cure time based on the MDR test.

2.3. Influence of vulcanization system on
properties of dynamically cured MNR
and thermoplastic copolyester elastomer
blends

Dynamically cured MNR/TPC-ET blends or MNR/
TPC-ET TPVs were prepared by blending MNR
compounds with a different vulcanization system
(sulfur, peroxide, phenolic, or mixed sulfur-peroxide
system) (Table 1) and thermoplastic copolyester elas-
tomer (TPC-ET) via dynamic vulcanization at the
fixed 50/50 w/w blend proportions of MNR and TPC-
ET. This blending ratio was selected due to the closed
shear viscosities of MNR and TPC-ET with the vis-
cosity ratio (ηMNR/ηTPC-ET) of 1.12 (shear viscosity at
a shear rate of 1000 s–1 of MNR = 152 Pa·s at
190°C)). Blending was performed in an internal
mixer, Brabender® Measuring Mixers, model 50EHT
3Z, Brabender GmbH & Co. KG, (Duisburg, Ger-
many) at 170°C, with a rotor speed set at 60 rpm and
using a fill factor of 0.85. The TPC-ET was first dried
in a hot air oven at 80°C for at least 2 h to eliminate
moisture. It was then incorporated into the mixing
chamber and mixed for about 2 min at 170°C. The
MNR compound was then added into the mixing
chamber with continued blending until a plateau mix-
ing torque or the total mixing time of 12 min was
reached. The blended product was then dumped from
the mixing chamber, conditioned at room temperature
for at least 3 h, and then ground to small particles by
using a plastic grinder machine, Bosco Engineering

Co., Ltd., (Bangkok, Thailand). The MNR/TPC-ET
TPV was then fabricated by plastic injection molding
machine with a clamping force of 90 tons, model TII-
90F, Weltec Machinery Ltd., (Hongkong, China) fit-
ted with standard tensile specimens mold in accor-
dance with ISO 37. The temperature was set for
different zones of injection molding at 160, 165, 170
and 170°C in heating barrel zones 1, 2, 3 and injec-
tion nozzle, respectively. Also, the injection pressure
was set in the common range between 90 to 110 MPa.
Mechanical, morphological, and dynamic properties
of the dynamically cured MNR/TPC-ET were even-
tually characterized.

2.4. Characterization
2.4.1. Cure characteristics
Cure characteristics of the MNR compound were de-
termined at 160 °C by using a moving die rheometer
(MDR), rheoTech MD+, Tech Pro Inc., (Cuyahoga
Falls, USA) at a fixed frequency of 1.67 Hz, and a
strain amplitude of 1° arc at 170 °C. The optimum
scorch time (ts1), cure time (tc90), minimum torque
(ML), maximum torque (MH), and torque difference
(MH – ML) were determined from the curing curves.

2.4.2. Mechanical properties
The 50/50 MNR/TPC-ET TPVs pellets were fabricat-
ed to dumbbell-shaped specimens by injection mold-
ing using a Weltec thermoplastic injection-molding
machine, Weltec Machinery, Ltd., (Hongkong, China)
with a clamping capacity of 90 tons. Tensile proper-
ties in terms of tensile strength, elongation at break,
and tension set of MNR vulcanizates and MNR/
TPC-ET TPVs were tested with a Hounsfield ten-
someter, model H 10 KS, Hounsfield Test Equip-
ment Co., Ltd., (Raydon, UK) at a crosshead speed
of 500 mm/min and at a room temperature according
to ISO 37. Aging properties of the MNR/TPC-ET
TPVs were also determined after accelerated aging at
100°C for 22 h in a multi-cell aging oven, model
Elastocon AB, Elastocon Inc, (Rämhult, Sweden), ac-
cording to ASTM D 573. After removal from the
oven, the samples were conditioned at room temper-
ature for at least 24 h before the tensile strength and
elongation at break were determined and compared to
the ones before aging. The tension set was determined
according to ASTM D412 by extending the dumbbell
shape specimen to 100% elongation and left at this
position for 10 min before releasing. The specimen
was then allowed to recover for another 10 min before
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Table 2. Mixing schedule for compounding of maleated nat-
ural rubber (MNR) with various vulcanization sys-
tems.

Description

Mixing time
[min]

Sulfur Peroxide Phenolic Mixed 
sulfur-peroxide

Mastication 2 2 2 2.0
Stearic acid 1 1 1 0.5
ZnO 1 1 1 0.5
Wingstay® L 1 1 1 0.5
TBBS 1 – – 1.0
Sulfur 1 – – 1.0
DCP – 1 – 1.0
TAC – 1 – 1.0
HRJ-10518 – – 1 –



measuring the length compared to the original length,
where the % tension set was evaluated. The hardness
of the MNR vulcanizates was determined by a
durometer Shore A, model S1 Digital Durometers,
An Instron Company, (Massachusetts, USA) accord-
ing to ISO 48.

2.4.3. Morphological properties
Morphological studies of MNR/TPC-ET TPVs were
carried out by using a scanning electron microscope
(SEM), model Quanta 400, FEI company (Hillsboro,
USA). Injection-molded samples of the MNR/
TPC-ET TPVs were first cryogenically fractured in
liquid nitrogen to create the new surfaces and to pre-
vent any possibility of phase deformation during the
fracturing process. The TPC-ET phase was then pref-
erentially extracted by immersion of the fractured
surface into boiling dimethyl sulfoxide (DMSO) for
about 20 min. The samples were later dried in a vac-
uum oven at 40 °C for 12 h to eliminate contamina-
tion by the solvent. The dried surfaces were gold-
coated before they were imaged by scanning electron
microscopy (SEM). From the SEM micrographs, the
size of rubber domains dispersed in a copolyester
(TPC-ET) matrix was determined in terms of the
number-average (Dn) domain diameters using Equa-
tion (1) [40]:

(1)

where Ni is the number of particles with the diame-
ter Di.

2.4.4. Dynamic properties
Dynamic properties in terms of storage and loss
moduli, along with complex viscosity, were charac-
terized using a moving die processability tester,
model RheoTech MDPT, Tech Pro Inc., (Cuyahoga
Falls, USA). Frequency sweeps were conducted over
the frequency range from 0.1 to 158 rad/s at 3%
strain amplitude and 180 °C according to ASTM
D6601.

3. Results and discussion
3.1. Influence of vulcanization system choice

on properties of MNR compounds
3.1.1. Curing properties of MNR compounds
Figure 1 shows cure curves or torque-time curves of
MNR compounds with various vulcanization systems.
It is seen that different vulcanization systems exhibit
different cure characteristics. That is, the peroxide
and mixed sulfur-peroxide systems show a plateau
curing curve with almost constant torque at the final
vulcanization state. This indicates the optimum cure
or equilibrium in rubber vulcanization. On the other
hand, the sulfur-cured system exhibits slight rever-
sion by marginally dropping torque around the test-
ing time of 20 min. This arises from the breakdown
of weak newly formed linkages, such as disulfidic
(–C–S–S–C–) and polysulfidic (–C–Sx–C–) linkages,
that a vulnerable to elevated temperature and high
shear. In addition, the phenolic curing system shows
different cure behavior by increasing torque as test-
ing time increases or marching cure behavior. Table 3
summarizes the cure properties in terms of minimum
and maximum torques, torque difference, scorch time,
cure time, and cure rate index (CRI) for the MNR
compounds with the various vulcanization systems.
It can be seen that the peroxide-cured case has the
highest maximum torque and torque difference

D
N

N D
n

i

i i= /
/
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Figure 1. Torque-time curves of MNR compounds prepared
with various vulcanization systems.

Table 3. Cure properties in terms of minimum and maximum torques, torque difference, scorch time, cure time, and cure
rate index (CRI) for the MNR compounds prepared with various vulcanization systems.

Vulcanization system ML
[dN·m]

MH
[dN·m]

MH – ML
[dN·m]

ts1
[min]

tc90
[min]

CRI
[min–1]

Sulfur 4.04 11.95 07.91 2.31 09.09 14.75
Peroxide 3.27 15.44 12.77 1.16 09.20 12.44
Phenolic 4.77 11.56 06.79 2.44 28.49 03.84
Mixed sulfur-peroxide 4.95 15.33 10.38 1.16 13.42 08.16



among the tested vulcanization systems, whose rank
order was peroxide > mixed sulfur-peroxide > sulfur
> phenolic cured system. This is due to peroxide cur-
ing generating comparatively stronger carbon-car-
bon bonds between the rubber molecules relative to
the other types of new linkages induced by the other
vulcanization systems. On the other hand, the phe-
nolic system gave the least maximum torque and
torque difference. This may be due to slow reactions
that formed the Chroman ring structures between
MNR and dimethylol phenolic resin with active hy-
droxymethyl (methylol) groups, and this gave rise to
a low crosslink density [41]. A proposed reaction
mechanism is shown in Figure 2. It can be seen that
the hydroxyl and methylol groups in phenolic mol-
ecules undergo reactions with unsaturation in MNR
molecules to form Chroman rings as the bridge links
between rubber molecules or to form crosslinks.
Therefore, the slow crosslinking reaction rate of phe-
nolic curing is obvious due to the molecular re-
arrangement to form Chroman rings and also due to
the low level of unsaturation in MNR molecules.
This is also reflected in the lowest cure rate index
(CRI) and the longest scorch and cure times with the
lowest maximum torque and torque difference
(Table 3).
In Table 3, it can also be seen that the MNR com-
pounds with sulfur and phenolic vulcanization sys-
tems show longer scorch time or improved scorch
safety. Therefore, these two vulcanization systems
may be suitable for preparing dynamically cured
MNR/TPC-ET blends due to the long enough time
for transformation from the co-continuous structure
of MNR/TPC-ET simple blend to large vulcanized
rubber particles and eventually, the dispersed micron-
sized vulcanized rubber domains in the TPC-ET
matrix.

3.1.2. Mechanical properties of MNR
compounds

Figure 3 shows stress-strain behaviors of the MNR
vulcanizates with various vulcanization systems. It
can be seen that Young’s modulus (i.e., the initial
slope of the curve), which reflects the stiffness of the
material, had the order peroxide > phenolic > mixed
sulfur-peroxide > sulfur by vulcanization system.
This matches the trend in 100% moduli of the MNR
vulcanizates based on static vulcanization with per-
oxide, phenolic, mixed sulfur-peroxide, and sulfur
curing systems, which are 0.84, 0.55, 0.34, and
0.32 MPa, respectively. Furthermore, the area under-
neath the stress-strain curve, which indicates the
toughness of the material, has the same trend as
Young’s modulus and 100% modulus. This is attrib-
uted to the peroxide curing system generating chem-
ical crosslinks that consist mainly of carbon-carbon
bonds (–C–C– linkages) with higher bonding energy
(about 347 kJ/mol) while the sulfur curing system
gives weaker chemical bonds of mono-sulfidic
(–C–S–C–, 301 kJ/mol), di-sulfidic (–C–S–S–C–,
271.7 kJ/mol), and poly-sulfidic types (–C–Sx–C–,
< 271.7 kJ/mol) [42]. An illustration of the different
types of crosslinks is shown in Figure 4. Furthermore,
the phenolic curing system links rubber molecules
by strong structures of phenolic resin, as indicated
in Figure 2 and Figure 4d. This causes the phenolic-
cured MNR vulcanizate to have slightly higher mod-
uli than the ones prepared with mixed sulfur-perox-
ide and sulfur vulcanization systems.
Table 4 shows tensile properties (i.e., tensile strength
and elongation at break) and mechanical properties
in terms of tension set and hardness (Shore A) of the
MNR vulcanizates prepared with various vulcaniza-
tion systems. It can be seen that tensile strength and
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Figure 2. A proposed reaction mechanism of phenolic resin
and maleated natural rubber.

Figure 3. Stress-strain behaviors of MNR vulcanizates pre-
pared with various vulcanization systems.



hardness have similar trends as moduli and tough-
ness in Figure 3. That is, these properties ranked as
peroxide > phenolic > mixed sulfur-peroxide > sul-
fur vulcanization systems. This is again due to dif-
ferent bonding energies and structures of crosslinks
from the alternative vulcanization systems. In Table 4,
it is also seen that the highest elongation at break
(EB =~ 834%) was for the MNR vulcanizate with the
sulfur curing system, while the peroxide system pro-
vided the lowest EB (499%). The phenolic and mixed
sulfur-peroxide systems showed intermediate elon-
gations at the break, at 618 and 678%, respectively.
This may be due to the sulfur system giving di- and
poly-sulfidic linkages with high elasticity, as indi-
cated by the lowest tension set (0.5% in Table 4).
However, the peroxide system with mainly –C–C–
linkages gave the lowest elastic properties, indicated
by the highest tension set at 2.0% (Table 4). Further-
more, the phenolic and mixed sulfur-peroxide sys-
tems gave an intermediate tension set at 1.0%, which
corresponds to the intermediate elongation at break
as compared with the EBs of the MNR vulcanizates
based on sulfur and peroxide curing (Table 4).

3.1.3. Dynamic mechanical properties of MNR
compounds

Figure 5 shows the storage modulus as a function
of oscillation frequency for the MNR compounds

prepared with various vulcanization systems. It can
be seen that the storage modulus slightly increases
with frequency due to a shorter time available for mo-
lecular relaxations. The storage or elastic modulus
typically represents the amount of energy stored in
a tested sample. In Figure 5, it can be seen that the
storage modulus at a given frequency had the order
sulfur > mixed sulfur-peroxide > phenolic > perox-
ide by the vulcanization system. Therefore, the MNR
vulcanizates with sulfur-containing curing systems
(i.e., sulfur or mixed sulfur-peroxide vulcanization
system) showed higher elastic moduli with more en-
ergy stored than the MNR prepared with phenolic or
peroxide curing system. This is again due to the
higher elasticity of sulfidic linkages, which corre-
sponds to lower tanδ at a given oscillation frequency
for the MNR compounds cured with sulfur or mixed
sulfur-peroxide curing system, as shown in Figure 6.
It is noted that tanδ is the damping factor or loss fac-
tor defined as the ratio of the moduli (i.e., loss mod-
ulus, G″/storage modulus, G′). Typically, tanδ indi-
cates the relative degree of energy dissipation or
damping by the material and hence rubber elasticity.
In Figure 6, the MNR vulcanizate based on sulfur cur-
ing shows the lowest tanδ or damping factor, which
indicates the highest rubber elasticity. Also, the trend
of tanδ is reversed from that of the storage modulus
(Figure 5): sulfur < mixed sulfur-peroxide < phenolic
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Table 4. Tensile properties (i.e., tensile strength and elongation at break) together with tension set and hardness (Shore A)
for the MNR vulcanizates prepared with various vulcanization systems.

Vulcanization system Tensile strength
[MPa]

Elongation at break
[%]

Tension set
[%]

Hardness
[Shore A]

Sulfur 04.32±0.01 834±9 0.5±0.01 22.0±1.0
Peroxide 13.98±0.03 499±8 2.0±0.03 34.0±1.0
Phenolic 11.48±0.11 618±8 1.0±0.02 29.0±1.0
Mixed sulfur-peroxide 05.26±0.02 678±6 1.0±0.03 24.0±1.0

Figure 5. Storage modulus as a function of oscillation fre-
quency for the MNR compounds prepared with
various vulcanization systems.

Figure 4. Representative models showing different types of
crosslinks formed in a) sulfur, b) peroxide, c) mixed
sulfur-peroxide, and d) phenolic cured systems.



< peroxide by vulcanization system. Therefore, the
sulfur-containing systems (i.e., sulfur or mixed sul-
fur-peroxide vulcanization system) provide the most
energy storage with the highest rubber elasticity,
while the MNR with peroxide curing system has the
lowest elasticity with the highest energy dissipation.
On the other hand, the phenolic-cured MNR vulcan-
izate shows intermediate moduli and loss factor.

3.2. Influence of vulcanization system choice
on properties of dynamically cured
MNR/TPC-ET blends 

3.2.1. Time profiles of mixing torque and
temperature

Figure 7 shows time profiles of torque and tempera-
ture during the mixing of the dynamically cured
MNR/TPC-ET blends with various vulcanization
systems. It can be seen that the mixing torque-time
curve showed three peak locations, with the first one
at the initial mixing when TPC-ET  was added to the
mixing chamber. The second peak at about the mix-
ing time of 2 min occurs after incorporating the MNR

compound that abruptly increased the mixing torque,
which then immediately decreased. The third peak
(i.e., dynamic vulcanization peak) has varying heights,
locations, and the area underneath the peak, due to
the differences in the nature of dynamic vulcaniza-
tion based on the choice of curing system. After the
addition of MNR compounds, the MNR/TPC-ET
blend is forced to transform from a co-continuous
phase structure of a simple blend characteristic to
separated vulcanizing rubber domains that are dis-
persed TPC-ET matrix during dynamic vulcanization
[43]. The final blend morphology of the dynamically
cured MNR/TPC-ET blend is a micron-sized disper-
sion of vulcanized MNR domains in the TPC-ET
matrix. In Figure 7, it is seen that the peak height and
area underneath the third peak can be ordered as per-
oxide > mixed sulfur-peroxide > phenolic > sulfur by
the vulcanization system. We anticipate that the height
and area underneath the third peak directly relate to
the degree of vulcanization and the strength of cross -
links formed in the rubber phase. This is in good
agreement with the maximum torque (Table 3), ten-
sile strength, and hardness (Table 4), together with
moduli and toughness (Figure 3) of the MNR com-
pounds with different static vulcanization systems.
However, the torque difference of the MNR com-
pound based on static vulcanization has a similar trend
in peak height and area under the third peak, but
there is a discrepancy in delta torques of the phenolic
and sulfur cured systems at 6.79 and 7.91 dN·m, re-
spectively (Table 3). This may be attributed to the
rubber phase in the dynamically cured MNR/TPC-ET
blend with the sulfur curing system having a higher
crosslink density than with the phenolic curing sys-
tem. In Figure 7, the third peak location with differ-
ent vulcanization systems corresponds to the scorch
time (ts1), or time till the onset of vulcanization, which
is the time until one torque unit rise above the min-
imum torque. That is, the peroxide and mixed sul-
fur-peroxide curing systems gave the lowest scorch
time of about 1.16 min (Table 3). It corresponds to
the earliest peak location in dynamic vulcanization
during mixing at about 3 min. On the other hand, the
sulfur and phenolic curing systems gave scorch times
of 2.31 and 2.44 min, which correspond to third peak
locations in dynamic mixing at about 3.3 and 3.4 min,
respectively. It is therefore concluded that the phe-
nolic and sulfur curing systems offer improved
process safety against premature vulcanization of the
dynamically cured MNR/TPC-ET blends.
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Figure 7. Mixing torque-time and mixing temperature-time
curves for the dynamically cured MNR/TPC-ET
blends prepared with various vulcanization systems.

Figure 6. Tanδ as a function of oscillation frequency for the
MNR compounds prepared with various vulcan-
ization systems.



In Figure 7, it can be seen that the final mixing torque
has a different trend than the area under the curve and
the third peak location and can be ordered as pheno-
lic > peroxide =~ sulfur > mixed sulfur-peroxide by
curing system. It is noted that the final mixing torque
should have a close relation to the torque difference
or the maximum torque of the statically cured MNR
compounds (Table 3). However, the discrepancy
may arise from the different shear and heat treat-
ments in static (Table 3) and dynamic vulcanization
(Figure 7). That is, the 12 min mixing time is optimal
at 170 °C for dynamic vulcanization of the MNR/
TPC-ET blends with the phenolic curing system to
reach full vulcanization, as a plateau mixing torque
vs. time curve is seen (Figure 7). However, in the
static vulcanization of the MNR compound with the
phenolic curing system (Figure 1) at the final testing
time of 30 min, marching cure behavior with a steady
increase in torque still exists. It means more time is
needed to cure the MNR vulcanizate in static curing
conditions fully.  In Figure 7, other vulcanization sys-
tems (apart from the phenolic curing system) show
a gradually decreasing trend of the mixing torque
with time. This may be due to the destruction of
some crosslinks after full vulcanization was reached.
Therefore, the properties of the static and dynamic
curing of MNR may be different due to different net-
work characteristics and crosslink structures in the
MNR vulcanizate and the MNR/TPC-ET blend. In
Figure 7, it is also seen that the mixing temperature
decreases after adding TPC-ET at the start of the
mixing process and after incorporating the MNR
compound at the mixing time of 2 min. After contin-
ued mixing with a rotor speed of 60 rpm, the mixing
temperature is marginally increased due to shear
heating and the exothermic reaction of rubber vul-
canization [44].

3.2.2. Mechanical and morphological properties
Figure 8 shows stress-strain curves of dynamically
cured MNR/TPC-ET blends prepared with different
vulcanization systems. It is seen that Young’s mod-
ulus (i.e., initial slope in the linear region of the
curves) of the blends can be ordered as phenolic >
sulfur =~ peroxide > mixed sulfur-peroxide by curing
system. This corresponds to the trend of final mixing
torques of dynamic vulcanization (Figure 7) where
the blend with the phenolic system shows the high-
est. Still, the mixed sulfur-peroxide cured system
shows the lowest final mixing torque and hence

lowest Young’s modulus and stiffness. This also cor-
responds well to the morphological properties (SEM
micrographs in Figure 9) and to average sizes of vul-
canized MNR domains in the dynamically cured
MNR/TPC-ET blends with various vulcanization sys-
tems, shown in Table 5. It can be seen that the small-
est vulcanized rubber domains (about 1.8 µm) are
found in the dynamically cured MNR/TPC-ET blend
with the sulfur curing system (Figure 9a) and the
largest domains (about 5.0 µm) are in the blend with
the mixed sulfur-peroxide curing system (Figure 9d).
Furthermore, the peroxide and phenolic curing sys-
tems show intermediate vulcanized rubber domain
sizes at 2.5 and 3.5 µm (Figures 9b and 9c, respec-
tively, and Table 5). It is noted that the smaller rub-
ber domains result in less interfacial tension but,
more interfacial area and interfacial adhesion, caus-
ing enhanced strength and other related properties of
the dynamically cured MNR/ TPC-ET blends.
Figure 10 shows the tensile strength of dynamically
cured MNR/TPC-ET blends with different vulcan-
ization systems before and after aging. It can be seen
that the tensile strength or strength at the break of
the blend is in good agreement with the trend of
Young’s moduli (Figure 8) and with the average do-
main sizes of the vulcanized rubber particles (Table 5
and Figure 9). That is, the MNR/TPC-ET TPV with
sulfur curing system has the highest tensile strength
with the smallest vulcanized MNR domains, while
the TPV with mixed sulfur-peroxide vulcanization
system shows the lowest tensile strength with the
largest rubber domains. The MNR/TPC-ET TPVs
with peroxide and phenolic curing systems have in-
termediate tensile strengths and sizes of vulcanized
MNR domains. In Figure 10, it is clear that the tensile
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Figure 8. Stress-strain curves of dynamically cured MNR/
TPC-ET blends prepared with various vulcaniza-
tion systems.



strength of all TPVs increases after prolonged heat
aging at 100°C (for 22 h) tested according to ASTM
D573. This may be due to an increase in newly
formed crosslinks in the rubber vulcanizate, with in-
creased crosslink density after the heat treatment.
Also, the heat treatment may improve the interfacial
adhesion between TPC-ET and MNR, with a pro-
posed reaction shown in Figure 11. It is seen that a

chemical interaction between MNR with phenolic
curing system and TPC-ET molecules at interfacial
areas of MNR/TPC-ET TPV may occur via hydrogen
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Figure 9. SEM micrographs of dynamically cured MNR/TPC-ET blends with various vulcanization systems. a) sulfur, b) per-
oxide, c) phenolic, and d) mixed sulfur-peroxide phenolic

Table 5. Average particle size of vulcanized rubber domains
in the dynamically cured MNR/TPC-ET blends pre-
pared with various vulcanization systems.

Vulcanization system Vulcanized rubber domain size
[µm]

Sulfur 1.8±0.19
Peroxide 2.5±0.19
Phenolic 3.5±0.07
Mixed sulfur-peroxide 5.0±0.11

Figure 10. Tensile strength of dynamically cured MNR/
TPC-ET blends prepared with various vulcaniza-
tion systems, before and after aging.



bonds. This is in agreement with the aging properties
of NR composites with different sulfur curing sys-
tems, in which cases the overall crosslink densities
increased with aging time and temperature [45]. In
this work, various MNR/TPC-ET TPVs were aged by
conditioning at 100°C for 22 h in a multi-cell aging
oven, Elastocon AB (Brämhult, Sweden). Likewise,
under this static heat treatment, the rubber compo-
nent with various vulcanization systems in the
MNR/TPC-ET TPVs has the capacity to create newly
formed crosslinks from the remaining curative
residues and hence causes increases in the strength

properties. In a sulfur-cured case, some curatives such
as free sulfur, cure accelerators, and their residues
remained in the cured rubber compound. It is claimed
that free sulfur is effective in increasing crosslink
density during thermal aging [45].
This causes the MNR/TPC-ET TPV with a conven-
tional sulfur curing system to have a prominent in-
crease in crosslink density and hence in tensile
strength properties after aging. Likewise, with the
peroxide curing, the remaining peroxide residues
are still reactive under aging and can react with
MNR to form the new –C–C– crosslinks, increasing
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Figure 11. A possible chemical interaction via H-bonding of MNR with phenolic curing system and TPC-ET molecules at
interfacial areas of MNR/TPC-ET TPV.



the cross link density and hence tensile strength, but
this is at a lower level compared to the sulfur curing
system. Furthermore, in TPV with phenolic curing,
the least increased tensile strength is seen after heat
aging. This may be due to the reaction mechanism
to form Chroman rings that would need a longer time
(Table 3 and Figure 7) and possibly also more ener-
gy. Also, steric hindrances to Chroman rings may re-
tard the formation of the rubber polymer network. In
Figure 10, it is also seen that the mixed sulfur-per-
oxide curing system also gave a higher tensile after
aging due to the reactions of sulfur and peroxide cur-
ing agents.
Figure 12 shows elongation at break of the dynami-
cally cured MNR/TPC-ET blends prepared with var-
ious vulcanization systems before and after aging. It
can be seen that the elongation at break after aging
of all TPVs also was slightly higher than before aging.
This might be for the same reason, namely that all
the vulcanization systems induced crosslinking with
remnants of the crosslinking agents during static heat
treatment of MNR, contributing to higher elastic prop-
erties. In addition, the elongation at break of various
TPVs based on the different vulcanization systems
has a similar trend with tensile strength, but the re-
verse trend is seen in the mixed sulfur-peroxide, and
the phenolic cured system. This may be due to the
constraint of Chroman rings in crosslinks of the phe-
nolic cured TPV (Figure 2) and is in good agreement
with Young’s modulus and hence stiffness (Figure 8).
This contributes to the rigidity of the crosslinked
rubber and hence the MNR/TPC-ET TPV. Therefore,
the phenolic cured material has the highest stiffness
(as indicated by the highest Young’s modulus in
Figure 8), together with large-sized vulcanized rubber

domains (Figure 9). The large vulcanized rubber par-
ticles may relate to the low content of Chroman rings
in MNR during dynamic vulcanization and also to
short scorch time, leading to low viscosity, shear and
elongation being able to break down the vulcanizing
MNR domains. This results in a lower crosslink den-
sity, as evidenced by the lowest torque difference
(Table 3). Furthermore, the lower content of Chro-
man rings also results in a lesser interfacial surface
area, weaker interfacial interactions between MNR
and TPC-ET and hence larger vulcanized MNR do-
mains (Figure 9).
Figure 13 shows the tension set and hardness
(Shore A) of dynamically cured MNR/TPC-ET blends
prepared with various vulcanization systems. It is
noted that the tensile set (or tension set) testing of a
rubber or thermoplastic elastomer evaluates the resid-
ual elongation of a test sample after being stretched
and allowed to relax in a specified manner. This elon-
gation consists of both permanent and recoverable
components, thus, the tension set is used to measure
the ability of a rubber sample to retain its elastic
properties after extension. Therefore, a lower tension
set means higher elastic properties of the material.
In Figure 13, it is clear that the elastic properties in
terms of tension set correspond to the trend of elon-
gation at break as sulfur > peroxide > mixed sulfur-
peroxide > phenolic by vulcanization system. There-
fore, the phenolic and peroxide-cured MNR/TPC-ET
TPVs with rigid crosslinks of Chroman rings and 
–C–C– linkages (Figure 4) have more rigidity and
stiffness but less elasticity. However, the sulfidic
linkages are more flexible with higher extensibility
and elasticity (Figure 8). These also correspond to
higher hardness of the phenolic and peroxide cured
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Figure 12. Elongation at break of dynamically cured MNR/
TPC-ET blends prepared with various vulcaniza-
tion systems, before and after aging.

Figure 13. Tension set and hardness (Shore A) of dynami-
cally cured MNR/TPC-ET blends prepared with
various vulcanization systems.



MNR/ TPC-ET TPVs than for the sulfur and mixed
sulfur-peroxide cured TPVs.

4. Conclusions
Maleated natural rubber (MNR) was in-house pre-
pared and compounded with four alternative vulcan-
ization systems, i.e., sulfur, peroxide, phenolic, and
mixed sulfur-peroxide systems. We found that the
peroxide and mixed sulfur-peroxide systems showed
a plateau curing curve with an equilibrium state,
while the sulfur system exhibited a slight reversion
due to the breakdown of weak sulfidic linkages.
Also, the phenolic system gives a marching cure.
Dynamically cured MNR/TPC-ET blends using the
four alternative MNR compounds were then pre-
pared and characterized. It was found that the height
and area underneath the third peak for dynamic vul-
canization in the mixing torque vs. time curve relates
to the degree of vulcanization and strength of cross -
links, which can be ordered as peroxide > mixed sul-
fur-peroxide > phenolic > sulfur by the vulcanization
system. These are in good agreement with maximum
torque, tensile strength, hardness, moduli, and tough-
ness (the area underneath the stress-strain curve) for
the MNR compounds prepared with static vulcan-
ization. The location of the dynamic vulcanization
peak also corresponds to the scorch time (ts1) of the
static vulcanization, where the peroxide and mixed
sulfur-peroxide curing systems gave the shortest
scorch time with the earliest peak location at a mix-
ing time of about 3 min. The sulfur and phenolic sys-
tems had scorch times of 2.31 and 2.44 min and peak
locations at 3.3 and 3.4 min, respectively. Therefore,
the phenolic and sulfur systems offer more process
safety against premature reactions in dynamically
cured MNR/TPC-ET blends. It was also found that
the TPV with sulfur curing system had mono-, di- and
poly-sulfidic linkages in the rubber networks giving
the smallest vulcanized rubber domains dispersed in
the TPC-ET matrix, causing the highest interfacial
adhesion and hence tensile strength, elongation at
break, storage modulus, and rubber elasticity in terms
of the lowest tension set and tan δ (in dynamic test).
However, the phenolic cured TPV shows the highest
stiffness, Young’s modulus (i.e., the highest slope at
the initial part of the stress-strain curve), and large
vulcanized rubber domains. This may be related to
low contents of Chroman rings crosslinking the MNR
networks, causing lower surface area and interfacial

interaction between MNR and TPC-ET phases. The
mixed sulfur-peroxide and peroxide curing systems
showed intermediate tension set, tan δ, and elongation
at break. Furthermore, the tensile strength and elon-
gation at break increased in all cases after aging by
heat treatment. This is due to the continued curing
reactions of MNR during heat treatment. The phe-
nolic-cured TPV showed the least change in tensile
properties from aging, due to slow reactions that
form Chroman rings. Therefore, it is concluded that
the sulfur-cured system offers the best overall prop-
erties of the MNR/TPC-ET TPV.
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1. Introduction
Crystallization is a process by which molecular build-
ing blocks spontaneously organize into an orderly
three-dimensional structure to form a solid substance.
The crystallization behavior and crystallinity of poly-
mers are different from low-molecular-weight ma-
terials [1]. Long-chain polymeric molecules can con-
sist of both a ‘crystallizable part’ and a ‘non-crystal-
lizable part’ (amorphous part). The non-crystallizable,
amorphous part consists of chain ends, branching
points, twisting points, entanglements, and tie mol-
ecules [2]. If it is possible to maintain equilibrium
throughout the crystallization process and if the ini-
tial distribution of the crystallizable-amorphous frac-
tion is known, the equilibrium distribution of crys-
tallites as a function of temperature can be described

by Flory’s theory [2]. Despite its popularity in poly-
mer physics, the clear and complete concept of the
polymer crystallization process has not yet been well
established [3–5]. The main reason for this fact is
that the process of crystallization depends on both
equilibrium (thermodynamically controlled) and non-
equilibrium (kinetically controlled) factors which are
very complex for polymeric materials [6].
Extensive works have been done to understand the
crystallization behavior of semicrystalline polymers.
A semicrystalline polymer is capable of crystallizing
not only from the molten state (known as melt crys-
tallization) but also from the glassy phase (known as
cold crystallization). Limited studies have been re-
ported on the cold crystallization behavior of poly-
mers compared to the melt crystallization behavior.
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Cold crystallization can influence the mechanical
properties of the products during their usage in real
environments. Above the glass transition tempera-
ture, cold crystallization can occur by the formation
of folded lamellar morphology and results in semi-
crystalline morphology at the nanometer level [7].
According to Wunderlich et al. [2], this is a random
type of crystallization that occurs without any redis-
tribution of molecules but allows only the neighbor-
ing amorphous state to crystallize. Due to the high
molecular weight and randomness, rubber molecules
are generally amorphous [8]. However, a few rub-
bery materials with high cis content show some ex-
ceptional behaviors regarding specific orientation
and crystallization induced by strain and/or low tem-
perature. Rubbery materials, namely polyisoprene
(natural and synthetic), polybutadiene (BR), hydro-
genated acrylonitrile butadiene rubber (HNBR), and
polychloroprene fall in that category [9–12]. In a re-
cent paper by Schawe et al. [13], the structural re-
laxation of HNBR in the glass temperature range is
discussed, where the tetramethylene unit (produced
by the hydrogenation of the butadiene unit of the
HNBR copolymer) offers the crystalline tendency at
glassy region. It is emphasized that a rigid amor-
phous fraction around the small crystallites limits the
further growth of the crystals [13].
It has been reported already that the rate of crystal-
lization of polybutadiene depends on the microstruc-
tural purity [14]. Polybutadienes with ~97% cis con-
tent show an almost ten times faster rate of crystal-
lization than the same material with ~90% cis content
[15]. The rate of the crystallization can be denoted as
crystallization half-time, the time required for the
crystallization of half of the crystallizable segments.
The value of crystallization half-time is calculated to
be infinite at glass transition temperature and equi-
librium melting temperature. In addition, the heat-
ing/cooling rate has been identified as a key param-
eter in controlling the crystallization/cold crystalliza-
tion behaviors of elastomeric systems [12].
Several techniques have been developed to study the
crystallization of semicrystalline polymers. Out of
them, differential scanning calorimetry (DSC) [16–
18], wide-angle X-ray scattering [7, 19], transmis-
sion electron microscopy (TEM) [20], atomic force
microscopy (AFM) [21], fluorescence spectroscopy
[22], infrared (IR) spectroscopy [16, 23] and vibra-
tional circular dichroism [24] are well-practiced.
There are very limited reports regarding the cold

crystallization of rubbery materials. Besides, the
possibility of using mechanical characterization
methods (e.g., dynamic mechanical analysis, DMA)
to understand the cold crystallization behaviors has
been neglected throughout. The lack of a detailed re-
port on cold crystallization behaviors of rubbery ma-
terials and its dependency on the crosslink density
of the system have inspired the authors to investigate
the current domain.
The main aim of the current topic was to understand
the cold crystallization behavior of polybutadiene
rubber networks having different crosslink densities.
To follow the mentioned aim, butadiene rubber was
compounded with different amounts of crosslinking
chemicals and vulcanized. The compounds were de-
signed to show different crosslink densities. In order
to understand the effect of crosslink density on the
cold crystallization behavior of the system, the vul-
canized rubber compounds were characterized by
DSC, low-temperature X-ray diffraction, and DMA.

2. Experimental
2.1. Materials
Neodymium-catalyzed polybutadiene rubber (Buna
CB 24) with 96% cis content and Mooney viscosity
of 44 (ML (1+4) at 100 °C) was procured from
LANXESS Deutschland GmbH (Köln, Germany).
ZnO was procured from ACS reagent, while stearic
acid was purchased from Fisher Scientific GmbH
(Schwerte, Germany). N-cyclohexyl-2-benzothiazole
sulfenamide (CBS; Vulkacit CZ/ EG-C) was pur-
chased from Lanxess. Sulfur (S), and toluene (95%)
both were purchased from Thermo Fisher Scientific
(Geel, Belgium). All the rubber chemicals used for
the present study were of technical grade.

2.2. Mixing
All the mixing experiments were carried out in a lab-
oratory-scale two-roll mill (Polymix 110 L, size:
203×102 mm, Servitech GmbH, Wustermark, Ger-
many) at 40 °C. First, the rubber was masticated
(~1 min) and a uniform band was produced on the
front roll. The nip gap was adjusted (~1 mm) to ob-
tain a suitable bank on top of the mill. ZnO and
stearic acid (St. A.) were added and mixed with the
rubber for another two minutes. The curatives (CBS
and S) were then added to the bank and mixed for
further two more minutes until a uniform rubber
compound is formed. After complete mixing, the
compounded rubber was sheeted out and cooled. The
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samples were then matured for 3–4 hours and sub-
jected to a rheological analysis using a rotorless vul-
cameter, Elastograph (Germany), at 150 °C. The op-
timum cure time was calculated from the respective
cure curves obtained from the vulcameter. The opti-
mum cure time was defined by the time required to
achieve 90% of the maximum-observed cure torque
as obtained from the vulcameter. The rubber com-
pounds were then cured with respect to their cure
times using a hot press (Fontijne Holland, Model
TP400, Delft, The Netherlands), operating at a tem-
perature of 150 °C temperature and a pressure of
15 MPa. A square shape picture frame mold was used
to shape the materials. Depending on the specific
gravity of the material and the geometry of the mold
an appropriate amount of material was placed inside
the mold, resulting in a 1.9–2.1 mm thick rubber
sheet. The recipes for all the rubber samples are
shown in Table 1. It is worth noting that the ratio be-
tween the curing agents (CBS and S) remained the
same throughout the formulation of the different rub-
ber compounds.

2.3. Crosslink density
A small piece (0.10±0.02 g) of a square-shaped
cured rubber sample was kept in toluene (~20 ml) in
a stopped bottle. The solvent was changed after every
24 hours, and the swollen weight of the sample was
noted. After the equilibrium swelling was reached
(which was confirmed by the same weight of the
rubber samples for two consecutive days), the sam-
ples were taken out, the excess solvent was wept by
blotting paper, and the swollen weight was noted.
The sample was then dried (at 60°C in an oven for
6–8 hours) and weighed again. The crosslink density
was estimated by the Flory-Rehner equation [25–
27], as described in Equation (1):

(1)

where νe is the effective number of chains in a real
network/unit volume, Vr is the polymer volume
fraction in a swollen network in equilibrium with
pure solvent and can be calculated using Equa-
 tion (2). χ is designated as polymer-solvent interac-
tion parameter and V1 is the solvent’s molar volume.
The molecular weight of the polymer segment be-
tween two successive crosslinks (Mc) can be ex-
pressed as a ratio of the density of the polymer (ρp =
0.91 g/cm3) and the crosslink density of the com-
posite [28]:

(2)

2.4. Differential scanning calorimetry
The cured rubber samples were subjected to a calori-
metric study using a differential scanning calorime-
ter (DSC), Q2000 V24.11 (TA Instruments, USA).
The studies were performed with ~10±2 mg of cured
samples using standard aluminum pans in an inert
atmosphere of nitrogen. The experiments were con-
ducted in a temperature range of –90 to 100 °C with
a heating/cooling rate of 3 °C per minute. The sam-
ples were first cooled from room temperature to –
90°C, then successive heating, cooling, and heating
cycle were performed for all the samples.

2.5. Low-temperature X-ray scattering
Low-temperature X-ray scattering experiments were
carried out using a XEUSS X-ray scattering system
from Xenocs (operated at 50 kV and 0.60 mA) in
transmission geometry using Cu Kα radiation (wave-
length, λ = 1.54 Å). The distance between the sam-
ple and detector was calibrated using a silver behen-
ate. The scanning was carried out at different temper-
atures using a hot stage fitted with liquid nitrogen-
flowing equipment. The degrees of crystallinity, χc,
of different samples were calculated using Equa-
tion (3) [29]. The size of the crystallites were esti-
mated using the Scherrer equation [30], with a value
of the Scherrer constant of 0.9 [31]:

(3)

Ac and Aa are the areas of the crystalline peak and
the amorphous signal, respectively, from the decon-
voluted X-ray plots.
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Table 1. Formulation of a series of polybutadiene com-
pounds formulated with different amounts of cura-
tives; the formulations are given in parts per hun-
dred parts of rubber [phr] unit.

Sample name Polybutadiene ZnO St A CBS S

Sample 1 100 3 2 0.75 1
Sample 2 100 3 2 1.50 2
Sample 3 100 3 2 2.25 3



2.6. Dynamic mechanical analysis
The samples for dynamic mechanical analysis were
punched out from the cured rubber sheet with a di-
mension of 10×5±0.1×2±0.1 cm (L×B×T) using an
internally customized die. The samples were then
conditioned for 16–20 hours at 23±3 °C before the
experiment. Temperature sweep experiments were
performed in tensile mode using a dynamic mechan-
ical analyzer GABO EPLEXOR® (Netzsch, Ger-
many) with a 2000 N load cell. The measurements
were carried out within the temperature range of 
–120 to +80 °C with a heating rate of 2 °C/min at a
frequency of 10 Hz under 1% static and 0.2% dy-
namic strain (strain-controlled mode). The samples
were first cooled from room temperature to –120°C,
then the experiments were carried out. A soaking
time of 60 s was provided to allow the sample to
equilibrate with the starting temperature before the
start of each cycle.

2.7. Plotting and data interpretation
OriginPro 2019b was used to plot all the results. The
inbuild ‘Gaussian’ function in that software was used
to perform the deconvolution of low-temperature
X-ray scattering plots. The deconvoluted plots were
then used for the calculation of the degree of crys-
tallinity and size of crystallites.

3. Results and discussion
3.1. Crosslink densities of different rubber

samples
All the cured rubber samples were subjected to
cross link density measurement via the equilibrium
swelling method taking toluene as the solvent (molar
volume V1 = 106.3 cm3/mol). The value of the poly-
mer-solvent interaction parameter (χ = 0.34) was
used in the calculation as referred in previous reports
[32, 33]. The values of the estimated crosslink den-
sities and the values of the molecular weights be-
tween the successive crosslinks of all the samples
are collected and tabulated in Table 2. From Table 2,
a change in the order of magnitude of crosslink den-
sities can be observed. As expected, the values of

crosslink densities of the samples are proportional
to the content of curatives in the formulation.

3.2. Differential scanning calorimetric
analysis of different cured rubber
samples

The cooling and the second heating curves as obtained
from DSC measurements are shown in Figure 1,
where the cooling cycles are denoted by dotted lines,
and the heating cycles are denoted by solid ones.
During the cooling cycle, exothermic peaks (around 
–60 to –45 °C) associated with melt crystallization
were observed for Samples 1 and 2. Sample 1 showed
a sharp crystallization peak (FWHM = 11.3), while
the crystallization peak for Sample 2 was found to
be broad (FWHM = 17.9). The sharpness of the
exothermic peak may indicate the homogeneity of
the crystal structure. During the second heating
cycle, exo thermic peaks associated with cold crys-
tallization were observed (around –66 to –55°C) for
Samples 2 and 3. The width of the cold crystalliza-
tion peak for Sample 2 and Sample 3 were found to
be comparable (FWHM for Sample 2 = 11.3 vs.
Sample 3 = 11.6). The exothermic peak of cold crys-
tallization was found to be followed by an endother-
mic peak (around –30 to –15 °C) for all the samples,
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Table 2. Crosslink densities of cured polybutadiene samples containing different amounts of curatives.

Sample name Crosslink density
[mol/cm3]

Average molecular weight between two successive crosslinks
[g/mol]

Sample 1 8.8·10–5±2·10–6 10300±350
Sample 2 19.0·10–5±1·10–6 4800±48
Sample 3 22.6·10–5±1·10–6 4000±30

Figure 1. Cooling and second heating cycles of polybutadi-
ene rubber samples with different crosslink densi-
ties as obtained from DSC studies. The cooling
curves are shown by the dotted lines where the
heating curves are designated by solid lines.



which might denote the melting of the crystals. As-
sociating the exothermic peak intensities with the
percentage of crystallinity, a decreasing tendency of
the percentage of crystallinity was observed from the
figure as a function of crosslink density. It can be ar-
gued that due to the increased crosslink density, it
was difficult for the rubber chains to organize them-
selves to attain regular structures. The argument can
be supported by the almost negligible peak intensity
of crystallization for Sample 3 during the cooling
cycle. On the other hand, with the lowest crosslink
density, it was most favorable for the molecules of
Sample 1 to form the crystalline domains, which was
reflected by the highest exothermic peak intensity
during the cooling cycle.
Due to the constraints imposed by the crosslinked
structure, the molecules of the highly crosslinked
samples (Sample 2 and Sample 3) were unable to
align during the cooling cycle. Because of this in-
ability, the molecules tend to orient themselves dur-
ing the heating cycle. It is possible that due to the
low degree of crosslinking, the molecules of Sample 1
crystallized during cooling and no cold crystalliza-
tion was observed during the heating cycle. The mo-
lecular mobility caused by the thermal energy has
contributed to the more crosslinked molecules ar-
ranging themselves in regular order and achieving a
kind of crystallinity. This phenomenon can be related
to cold crystallization. As the process is kinetically
limited for Sample 3, the cold crystallization peak
appears at a higher temperature for this sample. It
should also be noted that a higher chance of crystal-
lization during the cooling cycle is associated with
a lower chance of cold crystallization during the
heating cycle.
This statement can be supported by the values of en-
thalpies tabulated in Table 3, where it is shown that
the sum of the enthalpy of melt crystallization (∆Hcry)
and the enthalpy of cold crystallization (∆Hcold) is
equal to the melting enthalpy (∆Hmelt). The melting
enthalpy can be regarded as a measure of the overall

percentage of crystallinity. With the lowest crosslink
density, Sample 1 shows the highest percentage of
crystallinity as shown in Table 3.

3.3. Low-temperature X-ray diffraction
studies of different cured rubber samples

Low-temperature X-ray diffraction studies were con-
ducted to understand the effect of crosslink density
on the cold crystallization behavior of polybutadiene
elastomer. The study was conducted within the tem-
perature range of –100 and 20 °C. The diffraction
patterns were recorded at a regular interval of 20 °C
while heating the melt-cooled samples and are re-
ported in Figure 2. Two distinct peaks corresponding
to the crystalline domains of the crosslinked polybu-
tadiene elastomer at 2θ of 19° and 22.7° can be seen
in the diffraction patterns of the individual samples,
which is consistent with the previous report [33].
The peak at 2θ of 19° corresponds to the crystal plane
of (020), while the other one (22.7°) corresponds to
the (110) plane. Among the studied samples, Sam-
ple 1 was found to be the most crystalline, while the
percentage of crystallinity was observed to decrease
as a function of the crosslink density of the elas-
tomeric samples. As observed in DSC thermograms,
the melt-cooled samples crystallized upon cooling,
and no cold crystallization was observed during
heating in the case of Sample 1. It was found that the
peaks corresponding to the crystalline domains of
Sample 1 decrease with increasing temperature and
disappear beyond the temperature of 0 °C. The dis-
appearance of the characteristic peaks may corre-
spond to the melting of the crystalline domains of
Sample 1. Sample 3, on the other hand, was found
to show no crystalline peaks at the beginning; how-
ever, the characteristic peaks of crystalline polybu-
tadiene domains appeared upon heating. The two
distinct peaks at 2θ of 19.0 and 22.7° were clearly
observed when the temperature was raised to –60°C
(from –80 °C). The appearance of the mentioned
peaks may correspond to the cold crystallization of
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Table 3. Enthalpy values for crystallization, cold crystallization, and melting for the crystalline domains, along with the re-
spective transition temperatures for a series of cured rubber samples of different crosslink densities.

Sample
name

Enthalpy of crystallization
(during the cooling cycle),

∆Hcry
[J/g]

Enthalpy of cold
crystallization,

∆Hcold
[J/g]

Tmelt
[°C]

Tcryst
[°C]

Tcoldcryst
[°C]

∆Hcry + ∆Hcold
[J/g]

Melting enthalpy,
∆Hmelt
[J/g]

Sample 1 29.02 0.38 –31 –32 –68 29.40 26.03
Sample 2 13.54 8.50 –36 –44 –78 22.04 22.53
Sample 3 00.00 16.800 –40 N.A. –70 16.80 17.65



the crosslinked polybutadiene elastomer. The crys-
talline peaks were found to disappear beyond –20°C
for Sample 3. These observations are in good agree-
ment with the DSC data. The cold crystallization be-
havior was also observed for Sample 2; the crys-
talline peaks appeared upon heating (at –80°C) and
disappeared beyond –20°C. The order of disappear-
ance of the crystalline peaks follows the same trend
of melting endotherms as observed during the DSC
analysis, Sample 3 the first and Sample 1 at a higher
temperature. As discussed previously, the higher the
crosslink density, the higher the chance of cold crys-
tallization for elastomeric samples, which can be
observed during low-temperature X-ray diffraction
studies. At the same time, with the highest crosslink
density, Sample 3 was found to require a higher
amount of thermal energy to orient the polymer
segments, which is in line with the previous obser-
vations.

The low-temperature X-ray plots were further de-
convoluted to isolate the crystalline peaks and the
amorphous signal. As an example, the deconvoluted
plot of Sample 2 at –60°C is shown in Figure 3. The
full width at half maxima (FWHM) and area of the
deconvoluted plots were extracted from each decon-
voluted X-ray image and used to calculate degree of
crystallinity (χc) and the size of crystallites. The
Scherrer equation was used to estimate the size of
the crystalline domains. The estimated results are
gathered and shown in Table 4. From Table 4, the
largest crystallite sizes can be observed for Sample 1
(~18 nm crystals with (020) plane and ~11–12 nm
crystals with (110) plane), while the smallest crys-
tallite sizes were observed for Sample 3 (~15 nm
crystals with (020) plane and ~8–9 nm crystals with
(110) plane). The largest size of the crystalline do-
main can support the DSC observation of the highest
melting temperature along with the broadest melting
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Figure 2. Low-temperature X-ray analysis of a series of cured polybutadiene rubber samples with different crosslink densities,
showing different cold crystallization behaviors: a) Sample 1, b) Sample 2, c) Sample 3.



endotherm for Sample 1. A linear proportionality can
be observed for the crystal size and the melting tem-
perature as observed by DSC. The degree of crys-
tallinity for all the samples, regardless of the cross -
link density, was found to be maximum at –60 °C.
This can be due to the cumulative effect of the crys-
tallinity and cold crystallinity of the sample at this
temperature. For Sample 1, the degree of crystallini-
ty was found to decrease above a specific tempera-
ture (–40°C) and disappeared after 0°C. On the con-
trary, for other samples, the degree of crystallinity
increased upon heating due to cold crystallization,
and disappeared after –40°C. The results are in line
with the observations of the DSC analysis.

3.4. Dynamic mechanical analysis of different
cure rubber samples

All samples with different crosslink densities were
subjected to dynamic mechanical analysis (DMA).

The experiments were carried out in a strain-con-
trolled mode of DMA [9]. The temperature response
diagrams are shown in Figure 4. A glass-rubber tran-
sition for the crosslinked rubber samples can be ob-
served at about –90°C. With the highest percentage
of crystallinity, Sample 1 showed a minimal de-
crease in storage modulus during the glass-rubber
transition, while Sample 3 showed the largest de-
crease. The decrease in storage modulus was then
followed by an increase in storage modulus for Sam-
ples 2 and 3 (at –70 to –60 °C). This unusual in-
crease in storage modulus after the glass transition
temperature may be associated with the formation of
crystalline domains during the process of cold crys-
tallization. With the highest number of crosslinks,
Sample 3 shows the highest degree of cold crystal-
lization, as previously observed (DSC and low-tem-
perature X-ray studies). Followed by the increase of
the modulus for Sample 2 and 3, another drop of
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Table 4. Degree of crystallinity and size of the crystalline domains for a series of cured rubber samples of different crosslink
densities.

Temperature
[°C]

Sample 1 Sample 2 Sample 3

χc

Crystal size
(020)
[nm]

Crystal size
(110)
[nm]

χc

Crystal size
(020)
[nm]

Crystal size
(110)
[nm]

χc

Crystal size
(020)
[nm]

Crystal size
(110)
[nm]

–100 0.27 18.52 13.32 0 N.A. N.A. 0 N.A. N.A.
–80 0.28 18.10 12.88 0.19 14.74 9.70 0 N.A. N.A.
–60 0.29 17.69 12.47 0.26 15.61 9.47 0.26 14.74 8.83
–40 0.25 18.96 10.62 0.24 16.25 9.47 0.22 15.31 9.14
–20 0.11 18.10 11.39 0 N.A. N.A. 0 N.A. N.A.

0 0 N.A. N.A. 0 N.A. N.A. 0 N.A. N.A.
20 0 N.A. N.A. 0 N.A. N.A. 0 N.A. N.A.

Figure 3. Deconvoluted peaks and cumulative peak fit for
Sample 2 at –60°C as an example for a series of
polybutadiene rubber samples with different cross -
link densities.

Figure 4. Dynamic mechanical analysis of a series of cured
polybutadiene rubber samples with different cross -
link densities, showing different cold crystalliza-
tion behaviors during the glass-rubber transition.



storage modulus (at –27 to –15°C) was observed for
all the samples. The second drop can be associated
with the melting of the crystalline domains. It is
worth noting that the sample with the lowest
crosslink density showed the highest modulus at low
temperatures (<–10 °C). Crystallinity may be the
leading factor behind the high modulus of the low
crosslinked samples at low temperatures. The order
of storage modulus of the samples was found to be
reversed at a higher temperature. The highest mod-
ulus was found for the sample with the highest
crosslink density at room temperature, as expected.

4. Conclusions
Polybutadiene rubber with high cis content was com-
pounded with sulfur crosslinking agents to form rub-
ber composites with different crosslink densities.
The samples were then subjected to DSC, low-tem-
perature X-ray diffraction, and DMA analysis. In the
studies, a characteristic and interesting behavior dur-
ing cold crystallization, influenced by the crosslink
density, was observed. The rubber compound with the
lowest crosslink density showed the highest amount
of crystallinity and the lowest degree of cold crys-
tallizability, and vice versa. The sudden increase in
stiffness of highly crosslinked rubber samples when
heated from sub-ambient temperatures to room tem-
perature can be attributed to the cold crystallization
of the BR chains. In addition, the samples with low
crosslink density were found to have a high modulus
below –10°C, as an effect of a sufficient number of
crystalline domains but a low modulus at room tem-
perature. The incorporation of reinforcing fillers and
the introduction of different curing systems (perox-
ide, different S-curing systems with different S to ac-
celerator ratio) may alter the cold crystallization be-
havior of polybutadiene. A separate study can be
envisaged to understand all these effects.
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1. Introduction
Synthetic linear polyamides (nylons) are a group of
chemically related polymers containing amide
groups (–CONH–) and aliphatic chains or aromatic
cores. The increasing length of the chain (or the num-
ber of cores) alters the properties of polyamides, such
as polarity, tensile strength, glass transition temper-
ature, melting point, solubility, wettability, or gas
permeability [1]. A number of PA types allow for
sorting them into logical groups (homopolyamides,
heteropolyamides, aromatic polyamides) with de-
fined and gradually changing properties. It can be
harnessed for choosing the most suitable polyamide
for a particular application. The polyamide nanofibers
evince good thermal, mechanical, and chemical re-
sistance, thus allowing for their application in de-
manding sectors [2]. Polar polyamides (e.g. PA 6 and

PA 6|6 [3, 4]) are usually soluted in formic acid or a
formic and acetic acid mixture. However, less polar
PAs require more expensive solvents, thus limiting
their industrial potential. Behler et al. [5] found that
the formic acid and dichloromethane mixture can be
used as a universal solvent for PAs. Our previous
work showed that it is possible to electrospin the PA 4,
PA 6, PA 11, PA 4|6, PA 6|6, PA 6|10, and PA 6|12
from the solvent using direct (DC) or alternating cur-
rent (AC) technology [6]. The advantage of the
method is the possibility of producing different nano -
fibrous materials without needing solvent or set-up
alteration. It also allows DC and AC electrospinning.
While both technologies produce polymeric nano -
fibers [7, 8], the differences are evident in terms of
the final structure of the material, thus impacting its
application [8]. This paper extends the range of DC
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and AC electrospinnable polyamides by three less
common types: PA 8, PA 6|9 [9], and PA 6(3)T [10]
(Figure 1). The described method is suitable for pro-
ducing PA nanofibers for filtration [11] or solid-
phase extraction sorbents [12].

2. Experimental section
2.1. Materials and preparation of the solution
PA 8 was synthesized at the Department of Polymers
– UCT Prague. Monomer η-capryllactam (Fluka AG
– Buchs, Switzerland) was distilled under reduced
pressure before use. The η-capryllactam was poly-
merized in a sealed ampoule in 1 mol% of ε-amino -
caproic acid at 250 °C for 96 hours. The yield of
polymer: 99,7%; viscosity average molar mass Mv =
24500 g/mol; melting temperature (differential scan-
ning calorimetry, DSC) 194 °C.
The PA 6|9 (CAS 27136-65-8) and PA 6(3)T (CAS
25497-66-9) were purchased from Scientific Polymer
Production Inc. (New York, NY, USA), the formic
acid (CAS 64-18-6) and dichloromethane (CAS 75-
09-2) from Penta  s.r.o. (Prague, Czech Republic).
Sets of 6, 8, 10, 12, 14, and 16 wt% solutions were
prepared by dissolving the polyamides in a mixture
of formic acid and dichloromethane at a weight ratio
of 1:1. They were stirred for 24 hours on a magnetic
stirrer at standard laboratory conditions.

2.2. Methods
Viscosity and electrical conductivity
A HAAKE Rotovisco (Thermo Fisher Scientific,
Prague, Czech Republic) rheometer with a C35/1°Ti L

cone was used to assess dynamic viscosity. Each
measurement lasted 30 s in continuous mode, and
the shear rate was increased linearly from 300 to
3000 1/s. A Eutech Instruments CON 510 (Eutech
Instruments – Thermo Fisher Scientific Inc.,
Landsmeer, The Netherlands) with a K10/6MM8
was used for the determination of the conductivity
of the solutions. The measurements were repeated
three times at a temperature of 21 °C.

Electrospinning system
An AU-60P0.5-L (Matsusada Precision, Ōtsu, Japan)
positive voltage source was used for the DC electro-
spinning, and a KGUG 36 transformer (ABB, Prague,
Czech Republic) with an ESS 104 regulator (Thal-
heimer-Trafowerke, Ostrava, Czech Republic) at a
frequency of 50 Hz (sinusoidal wave) was used for
the AC electrospinning. The setups for both methods
were identical: a steel rod (diameter 10 mm) was
used as the positive electrode, upon which a droplet
of the polymeric solutions was deposited and subse-
quently electrospun. A steel plate was used as the
fiber collector (grounded for the DC, electrically
neutral for the AC system) at a distance of 100 mm
from the electrode top. The paper [6] describes the
electrospinning setup in more detail. The supplied
voltage was 30 kV for the DC and effective 30 kV
for the AC methods. The electrospinning process
took 30 s for each sample. The relative humidity dur-
ing electrospinning was 40%, and the temperature
was 21°C.

Scanning electron microscopy
A Q150R ES rotary-pumped coater (Quorum, Lewes,
UK) was used to coat the nanofibers with a 10 nm
thick deposit of gold. A Vega 3 scanning electron mi-
croscope (TESCAN, Brno, Czech Republic) was
employed at a 10 kV accelerating voltage. ImageJ
freeware (version 1.52a, Bethesda, MD, USA) was
used to measure the fiber diameters (200 for each
sample).

3. Results and discussion
3.1. Viscosity and electrical conductivity
All tested solutions’ dynamic viscosities and conduc-
tivities increased with the concentrations (Figure 2).
The dynamic viscosity of the PA 8 was higher due
to its higher molecular weight. The lower conduc-
tivity of PA 6(3)T was caused by lower moisture
content in the PA 6(3)T compared to more polar
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Figure 1. Chemical structures of repeating units – PA 8 (a),
PA 6|9 (b), and PA 6(3)T (c) made in online soft-
ware Chem-Space.



PA 8 or PA 6|9. The decreased formic acid dissocia-
tion rate led to the solution’s lower conductivity.

3.2. DC and AC electrospinning
Prepared polyamide solutions were spinnable via
both the DC and AC technologies. The collector’s
surface covered with fibers of the DC electrospun
layers was highest for the 8% PA 8 and 10% PA 6|9
and PA 6(3)T solutions (Figure 3). Above or below
these concentrations, the layers covered a smaller
area and were less homogeneous. The lower concen-
tration determined for the PA 8 was caused by the
higher molecular weight, which corresponded to the
viscosity measurements.

3.3. Fiber diameters and defects
The SEM images showed that the quality of the DC-
and AC-fabricated fibers was standard for all the
samples except the fibers produced from the 12, 14,
and 16 % PA 8 solutions via the DC electrospinning.
A fibers and ribbons mixture was observed for the
12% PA 8. At 14 and 16%, samples consisted entire-
ly of ribbons (Figure 4a and Figure 4b). This phe-
nomenon was not observed for the samples of the
same solutions produced via the AC method. While
the isolated occurrence of ribbons in AC samples

was observed, they were sporadic and never formed
a compact structure (Figure 4c). It was caused by the
lower momentum of AC fibers, which flight to the
collector was accelerated by lower energy via the
ionic wind. In contrast, the DC fibers were acceler-
ated by stronger electrostatic force and were flat-
tened by impact with the collector. This phenomenon
was observed only for solutions of higher concen-
trations, where the initial polymeric streams from
Tylor cones were thicker due to the higher viscosity
of solutions.
The fiber diameters and the standard deviations of all
three polyamide layers increased with the increasing
concentration of the solutions (see Table 1). Concern-
ing the deviations, the estimation of the differences
between the fibers prepared via the DC and AC ap-
proaches from identical solutions was inconclusive.
The significant increase in the fiber diameters of the
14 and 16% PA 8 solutions was caused by the creation
of ribbons (only major diameters were measured).

4. Conclusions
The paper presents a method for the DC and AC
electrospinning of PA 8, PA 6|9, and PA 6(3)T solu-
tions. The dynamic viscosity and conductivity of the
solutions were measured to support observed facts.

P. Holec et al. – Express Polymer Letters Vol.17, No.7 (2023) 699–703

701

Figure 2. Dynamic viscosity at a shear rate of 500/s (a) and conductivity (b) of the solutions.
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Figure 3. SEM images of the DC (a) and AC (b) electrospun PA 8, PA 6|9, and PA 6(3)T nanofibers.

Figure 4. The DC electrospun PA 8 (16%) consisted of ribbons (a); the white square specifies the location of the detail shown
in the (b), whereas the AC electrospun structure of the PA 8 (16%) showed no ribbon content (c).

Table 1. The dependence of the average fiber diameters on the polymeric solutions concentration (± standard deviation).

Concentration
[wt%]

PA 8 PA 6|9 PA 6(3)T
DC
[nm]

AC
[nm]

DC
[nm]

AC
[nm]

DC
[nm]

AC
[nm]

6% 185±43 176±59 126±24 140±39 176±39 194±45
8% 213±41 250±75 149±26 214±56 239±47 244±46

10% 340±66 286±59 207±44 245±71 359±97 484±90
12% 413±79 359±55 277±43 263±81 834±168 532±117
14% 2077±250 674±142 315±47 413±178 977±250 789±278
16% 2273±186 951±308 670±169 486±176 1217±143 984±401



The most suitable of the tested solutions were 8%
PA 8, 10% PA 6|9, and 10% PA 6(3)T, of which the
DC-produced nanofiber layers and the AC-produced
nanofiber plumes were observed to be the most vo-
luminous and homogeneous. The SEM images
showed no defects in the fibers at the same time.
The lower concentration for PA 8 was caused by its
higher molecular weight, which corresponded with
the viscosity measurements. The DC spinning of the
14 and 16% PA 8 solutions resulted in the produc-
tion of exclusively ribbon structures, which was not
observed for the AC spun samples because the car-
rying speed of AC fibers to the collector was lower
than for the DC spun fibers. Considering the previ-
ous results of PA electrospinning, it was confirmed
that the used solvent system is suitable for the DC
and AC electrospinning of synthetic linear poly -
amides.
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1. Introduction
Because of irreversible cross-links, rubber-based
materials may undergo a structural deformation at
either the micro- or the macro-level when exposed
to external effects such as chemical, radiative, ox-
idative, and/or UV-based effects. Since those defor-
mations or fractures continue to build up during the
service life of rubber material, its performance grad-
ually decreases over time. It is crucial in most appli-
cations not only to avoid the visible effects of those
deformations over the material, at least temporarily
during the material’s service life, but also to ensure
a long-lasting performance to be similar or compa-
rable to its initial value. Thus, the ‘self-healing’ ap-
proach for rubber materials has been studied exten-
sively for the last couple of years [1–3]. Self-healing

is the ability of a material to repair the micro- and
macro-failures in its structure with or without the
help of an external stimulant. External and internal
self-healing are the two main approaches suggested
[4, 5]. The external self-healing approach suggests
self-healing by using healing agents. The internal
self-healing approach, on the other hand, suggests a
healing process without the need for healing agents,
instead depends on the functional groups on the
chemical structure of the material and their ability to
create reversible non-covalent interactions such as
H-bonds, metallic interactions as well as metal-lig-
and interactions [6–8].
Epoxidized natural rubber (ENR) is synthesized by
chemically controlled modification of the natural
rubber (NR) with formic peroxy acid. This novel raw
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material is commercially available depending on its
molar epoxy content. Thanks to its rigidity, ENR is
widely used in the automotive and aviation indus-
tries for the manufacture of joints, bumpers, gaskets,
sealants, sponges, cross-linked pipes, and pressure-
sensitive adhesives. It is also used for the manufac-
ture of medical tapes, plasters, and carpet backings
[1, 9–11]. In the presence of reactive epoxy groups,
ENR can further be used in self-crosslinking appli-
cations as a compatibilizer for polar fillers and as an
adhesion enhancer between rubber and metal struc-
tures [12–15]. In addition to the above, ENR can un-
dergo a dual cross-linking process via its C=C double
bonds and reactive epoxy sites. Sulfur cross-linking
can occur over allylic H atom on C=C double bond,
whereas secondary cross-links are initiated by the
essential compound additives containing amino,
chlorine, and carboxyl functional groups as a result
of epoxy chain opening reaction [16–18].
The existence of reactive epoxy groups on ENR may
lead to the regeneration of already broken polymer
chains where appropriate conditions exist. There are
a few studies met in the literature on the self-healing
of ENR [7, 19–22]. Imbernon et al. [19] investigated
the self-healing behavior of ENR-based rubber com-
pounds containing dithiobutyric acid with reactive
disulfide groups (DTDB). In this study, they reported
ENR to exhibit standard natural rubber characteris-
tics up to 100 °C, whereas self-healing could occur
as a result of cross-linking disulfide groups after re-
arrangement between polymer chains above 150 °C.
In another study, Xu et al. [21] investigated the self-
healing mechanism of carboxymethyl chitosan in-
corporated ENR latex, where they achieved 90%
self-healing by means of reversible H-bonds between
ENR and carboxymethyl chitosan molecules. Liu et
al. [20] investigated the self-healing characteristics
of two different types of zinc methyl acrylate incor-
porated ENR (ENR-25 and ENR-40) at various time
and temperature conditions, where they considered
the tensile properties as the criteria for success. They
achieved 80% self-healing for ENR-40 conditioned
at 80°C for 1 h and 70% for ENR-25 conditioned at
30°C for 50 min. Self-healing by Diels-Alder reac-
tion is an easier and much more practical method
than the other self-healing methods as it can be per-
formed by using solely heat rather than using a cat-
alyst or pre-treatment on the monomer or fractured
surface [23, 24]. Self-healing of cross-linked mate-
rials can be achieved as a result of the formation of

the thermally reversible covalent bonds in the Diels-
Alder mechanism. In self-healing applications of rub-
ber, which are assisted by the Diels-Alder mecha-
nism, materials containing highly electronegative and
reactive furan/maleimide groups are used for the for-
mation of a dien-dienophyl couple [25–27]. Bis-
maleimides are reactive products where maleimide
units exist on dianhydride or diamine terminal groups.
The carbonyl groups linked to the terminal site of
maleimides act as dienophiles in order to undergo a
Diels-Alder reaction with the double bond conjugated
dienes of bismaleimides. In rubber technology, bis-
maleimides are mainly as co-agents in peroxide vul-
canization and anti-reversion agent in sulfur vulcan-
ization of highly unsaturated rubbers [28, 29].
1,3-bis(citraconimidomethyl)benzene (CIMB) is used
as an anti-reversion agent used in sulfur vulcaniza-
tion, and it acts by altering the reaction mechanism to
avoid reversion. CIMB can undergo cyclo-addition
reactions by the Diels-Alder mechanism to re-com-
bine diene and triene structures which formed as a re-
sult of chain scission due to various deteriorating ex-
ternal factors [30]. In this study, unlike its accustomed
use, the use of CIMB in the Diels-Alders addition re-
action was investigated to identify its effect on the
self-healing process over the rubber materials.
Lignin is a worldwide available biopolymer that can
be extracted from plant cell walls. More than 50 mil-
lion tonnes of lignin is produced as a by-product of
craft and bio-ethanol manufacturing processes.
Lignin, an amorphous biopolymer, exhibits various
properties depending on its monomeric composition
and substituents. This monomer has reactive func-
tional groups such as aliphatic hydroxy, phenolic hy-
droxy, methoxy, carbonyl, and carboxyl, allowing the
preparation of graft copolymers with a wide range
of industrial chemicals [31–38]. The reactivity of
lignin mainly depends on its functional groups as
well as molecular weight distribution and solubility
properties [39–42]. Lignin is an abundant and low-
cost additive that provides stability and good me-
chanical properties to the compositions thanks to the
presence of aromatic structures. It can undergo a
broad range of chemical transformations and provide
hydrophilic or hydrophobic characteristics depend-
ing on its origin. Furthermore, lignin can be used to
protect the materials against oxidative degradations,
and it is more resistant to most biological attacks
than cellulose and other structural polysaccharides
[39, 43, 44]. The chemical functionalities in lignin are
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able to react with the epoxy sites of ENR, making
lignin the cross-linking center of the lignin/ENR
composites [45]. –OH functionality, which induces
self-healing via the formation of hydrogen bonding
with ENR [4].
Lignin is categorized into two major methods of iso-
lation: sulfur and sulfur-free lignin extraction process-
es. Sulfur lignin comprises kraft lignin and ligno-
sulphonate lignin, which are primarily produced by
paper and pulp industries. Kraft lignin is hydropho-
bic and contains a high level of condensed structures,
phenolic hydroxyl groups, and aliphatic thiol groups
[46–48]. Lignosulphonates are water soluble, con-
tain sulfur in the form of sulfonate groups present on
their aliphatic side chains, and are produced of waste
liquid from softwood [49]. They have a higher aver-
age molar mass than kraft lignin with a broad poly-
dispersity [49, 50]. Sulfur-free lignin generally is a
low molecular weight product of high purity.
In recent years, many studies related to the use of
lignin in rubber compound formulations have been
reported. Most of those studies have focused on the
use of lignin as a reinforcing filler, anti-aging agent,
adhesion enhancer, and additive to improve the ther-
mal and mechanical properties of rubber compounds
[38, 43, 45, 51]. Some other studies focused on cross-
linking reactions in the presence of lignin. Jiang et al.
[45] investigated lignosulphonate lignin (0–40 phr)/
ENR blends, which were prepared at 180 °C and in
the absence of traditional rubber cross-linking agents
such as sulfur and peroxide. They measured cross-
linking degree, glass transition temperature, mechan-
ical and dynamic-mechanical properties. The results
showed lignin to provide higher cross-link density
by inducing the epoxy ring-opening reaction of ENR.
However, a relatively higher amount of lignin caused
poor rubber-filler interaction and lower tensile mod-
ulus due to insufficient compound homogeneity. Be-
sides, lignin may undergo a Diels-Alders cyclo-ad-
dition reaction if already functionalized with furan
and/or maleic anhydride groups incorporated furan
functionality to lignin by the reaction between fur-
furyl glycidyl ether and phenolic OH groups of lignin
[52]. Lignin’s phenolic and aliphatic groups have also
reacted with maleimidohexonic acid to provide
maleimide groups onto lignin. These functionalized
lignins were then combined to form a gel structure
via a Diels-Alder reaction at 70°C. The gel structure
could be reversed into a liquid state at 120°C, where
the reaction was called retro-Diels-Alder.

Despite several studies about both self-healing of
rubber compounds and cross-linking rubber by means
of lignin, there is not any study met in the literature
on the self-healing of lignin-containing regular rub-
ber compounds. In this study, the self-healing behav-
ior of ENR-based rubber compounds in the presence
of lignin and CIMB has been investigated. The rhe-
ological and mechanical properties of the rubber
compounds were also measured. The effects of vary-
ing time and temperature on self-healing perform-
ance have been evaluated.

2. Experimental
2.1. Materials
ENR-50 (Epoxyprene), which has 50% (mol%)
epoxy content and 80±5 MU Mooney viscosity, was
purchased from Muang Mai Guthrie Public Compa-
ny Ltd. (Thailand). Lignin alkali with 5% humidity
and 6.5 of pH value was obtained from Sigma
Aldrich. 1,3-bis(citraconimidomethyl)benzene was
purchased from Lanxess Deutschland GmbH (Ger-
many) with the commercial name of Perkalink 900.
HAF N330 carbon black (CB, filler) was originated
from OMSK (Russia). Zinc oxide (activator, White
Seal, 325 mesh particle size) was rubber grade and
purchased from Metal Oksit (Turkey). Stearic acid
(activator, 52–62 °C of congealing point) was also
standard rubber grade additive and was purchased
from Zeta Kauçuk (Turkey). Antioxidants; polymer-
ized 2,2,4-trimethyl-1,2-dihydroquinoline (TMQ), N-
isopropyl-N′-phenyl-p-phenylenediamine (IPPD),
and ozone wax were obtained from Zeta Kauçuk
(Turkey). TMQ, with a softening point of 90 ±10°C,
whereas IPPD was of 70 °C. Curing system compo-
nents; N-cyclohexyl-2-benzothiazole sulfenamide
(CBS, accelerator) and insoluble sulfur (vulcaniza-
tion agent, 80% purity), both contained 80% active
substance and 20% elastomer binder; they were pur-
chased from Zeta Kauçuk (Turkey). All additives
were commercially available and used as received.

2.2. Preparation of compounds and test
procedures

Rubber compounds were prepared by using a 2 l
(gross volume) internal mixer (Met-Gur, Turkey) and
sheeted out on a laboratory mill subsequently. First-
ly, epoxidized natural rubber was masticated for
2 min at a rotor speed of 30 rpm to obtain desired
flow properties. Carbon black, lignin, and process
oil were then fed into the mixer and mixed for 1 min
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at 25 rpm. The rotor speed was kept constant at
25 rpm during the rest of the mixing. In the next
three steps, a 30 s interval was applied between ac-
tivators (zinc oxide and stearic acid), stabilizers
(TMQ, IPPD, and ozone wax), and the curing sys-
tem, including CIMB (CBS, sulfur, and CIMB). The
final compound was then mixed 1 min further and
dumped from the mixer at approximately 60 °C. A
150 mm wide laboratory-type two-roll mill with a
friction ratio of 1:1.1 was used for the final homog-
enization and shaping of the compound. 5 cycles of
wound-up with a 3 mm nip thickness were performed
on the mill to ensure a standard mixing process.
Compound formulations are given in Table 1. In
Group 1, REF is the control compound, which does
not comprise any of lignin and CIMB as the self-
healing agent. LA3 and LA6 comprise 3 and 6 phr
lignin alkali, respectively. Compounds comprising
only CIMB are in Group 2, and various amounts of
CIMB were used in these compounds. Group 3 and
Group 4 comprise both agents in various amounts,
where the amounts are also indicated by the com-
pound codes.
Alpha Pioneer 2000 model moving die rheometer
(MDR) was used to measure the optimum cure times
of the rubber compounds according to ASTM
D5289. Minimum torque (ML), maximum torque
(MH), scorch time (ts2), and optimum cure time (t90)
were measured; cure extent (CE) and cure rate index
(CRI) parameters were calculated according to the

standard. Compounds were vulcanized on a hy-
draulic hot press under 150 bar pressure and for their
respective optimum cure times (time corresponding
to maximum torque) at 150 °C. Test samples were
then cut from the vulcanized sheets by using stan-
dard sharp blades.
Mechanical properties of Die C dumb-bell shaped
vulcanizates were measured by using a universal
testing machine (Instron 3345) with 500 mm/min
crosshead speed according to ASTM D412. Tensile
strength, elongation at break, and tensile stress at
50% elongation (50% modulus) values were record-
ed. 5 samples for each compound were tested, and
the average value was reported as a result.
A self-healing study was performed on tensile-frac-
tured samples, which were manually re-attached to
establish contact between two fractured surfaces in
an ASTM D412 Die C-sized mold at selected heal-
ing temperatures (160, 170, 180 and 190 °C) for 5,
10 and 15 minutes in the air over operating at ambi-
ent pressure. The minimum healing temperature was
selected as 160 °C after prior analysis for obtaining
meaningful self-healing performance. After healing
at the specified conditions, the self-healed specimens
were subjected to tensile testing. 5 samples were
tested and the average value was used to calculate
and report the self-healing ratio. The self-healing
performance of the samples was evaluated by means
of their percentage retention in tensile strength val-
ues as well as by their visual inspection. Equation (1)
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Table 1. Rubber compound formulations.
Group 1 Group 2 Group 3 Group 4
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Content
[phr]

ENR 100 100 100 100 100 100 100 100 100 100 100 100
CB (N-330) 40 40 40 40 40 40 40 40 40 40 40 40
Lignin – 3 6 – – – 3 3 3 6 6 6
CIMB – – – 4 10 15 4 10 15 4 10 15
Process oil 10 10 10 10 10 10 10 10 10 10 10 10
Zinc oxide 5 5 5 5 5 5 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2 2 2 2 2 2 2
TMQ 2 2 2 2 2 2 2 2 2 2 2 2
IPPD 1 1 1 1 1 1 1 1 1 1 1 1
Ozone wax 2 2 2 2 2 2 2 2 2 2 2 2
CBS 2 2 2 2 2 2 2 2 2 2 2 2
Sulfur 2 2 2 2 2 2 2 2 2 2 2 2



was used to calculate self-healing performance,
where σi represents the original mechanical property
(tensile strength) of the sample, and σf is the value
of the same property of the same sample after self-
healing [53, 54]. Visual inspection of healed samples
was performed by using a MicroDirect 1080p HD
(Celestron LLC, USA) microscope (Equation (1)):

Self-healing ratio [%] (1)

The swelling ratio of the samples was measured ac-
cording to ASTM D471-12. For each compound,
5 samples were taken from healing surfaces, they
were first subjected to ambient acetone extraction
for 24 h, and dried in an air oven for a further 24 h
prior to measuring initial weight is recorded as Ws.
Each sample was immersed in toluene at ambient
temperature for 72 h and dried in an air oven for 24 h
until a constant mass (final weight, Wds) could be ob-
tained. Swelling ratio (Q), cross-link density (Ve),
and the molecular weight between the cross-links
(Mc) were calculated by using Equation (2), Equa-
tion (3), and Equation (4), respectively according to
Flory-Rehner approach [26, 55, 56]:

(2)

(3)

(4)

where Ws and Wds are the weight fraction of the poly-
mer respectively in swollen and de-swollen phases,
V2 is the volume fraction of the rubber in swollen
phase, Vs is the molar volume of the solvent, which
is 106.3 ml/mol for toluene, and χ is the solvent-rub-
ber interaction parameter. χ was taken as 0.34 for the
toluene-ENR system [57, 58].
A Fourier transform infrared spectrometer (FTIR,
Perkin Elmer Spectrum 100, PerkinElmer Inc., USA)
was used to investigate structural analysis. The se-
lected spectral resolution and the scanning range
were installed as 4 scans and from 650 to 4000 cm–1,
respectively.
Dynamic mechanical analyzer (DMA, DMA 50, Me-
travib Design, France) was used for measuring both
storage and loss moduli of the samples for 40–180°C
temperature range at 1 Hz frequency and 0.1% strain

amplitude conditions to investigate Diels-Alder and
retro-Diels-Alder reactions during the self-healing
process. Samples were subjected to three tempera-
ture cycles. In each cycle, samples were first heated
to 180°C by 10°C/min, held at 180°C for 15 minutes,
and then cooled down to 40 °C by 2 °C/min cooling
rate. Here, 180 °C and 15 min parameters were used
for representing the optimum self-healing condi-
tions, which were mentioned in the following parts
of the paper.

3. Results and discussions
3.1. Rheological properties
Rheometer curves of four compound groups were
obtained at 150°C, and they are all shown in Figure 1.
Common rheological parameters are also given in
Table 2. Cure extent (CE) values were calculated as
the difference between the maximum and minimum
torque values (MH and ML) in dNm. Cure rate index
[min–1] of the rubber compounds was calculated
using Equation (5) [59, 60].

(5)

As seen from Figure 1 and Table 2, incorporating
CIMB into the REF compound along with lignin re-
sulted in a 35–40% lower ML value. It is more pro-
nounced in the case of high CIMB levels and attrib-
uted to the plasticizing effect of CIMB as a process-
ing aid [61]. For Group 1 compounds in Figure 1a,
a relatively higher amount (6 phr) of lignin could
considerably improve the maximum torque value. In
contrast to lignin, the incorporation of CIMB did not
lead to an increase in MH, and lower MH values also
were obtained with increasing CIMB content for
Group 2 (Figure 1b) compounds. Anti-reversion ef-
fect of CIMB was obvious for all the compounds
comprising CIMB, as expected [62, 63]. For Group 3
(Figure 1c) and Group 4 (Figure 1d) compounds,
which contain both lignin and CIMB, overall cur-
ing characteristics were measured as between those
of Group 1 and Group 2 compounds. A remarkable
increase (up to 40%) was noticed in the cure rate
index for the compounds that comprise both lignin
and CIMB when compared to the reference com-
pound. This finding is attributed to reactive func-
tional groups of lignin and CIMB to promote the
epoxy ring-opening reaction on the ENR matrix
and so to ensure further cross-linking reactions [45,
64, 65].
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3.2. Tensile properties
The tensile test results of the original samples are
given in Table 3. Although any enhancement in the
mechanical performance of the REF compound was
expected in this study, it would be helpful to figure
out the overall effects of lignin and CIMB on ENR.
It is seen from the table that both lignin and CIMB
adversely affected the mechanical strength. However,

most of the compositions still have acceptable ma-
terial properties, and they can also be improved by
various methods when the original material proper-
ties are of interest.
As can be clearly seen from Table 3, both additives
resulted in lower tensile strength, elongation at break,
and 50% modulus values. Indeed, blending lignin
with most polymers is not straightforward because
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Figure 1. Rheometer curves obtained at 150 °C of a) Group 1, b) Group 2, c) Group 3 and d) Group 4.

Table 2. Rheological properties.
ML

[dN·m]
MH

[dN·m]
ts2

[min]
t90

[min]
CE

[dN·m]
CRI

[min–1]
REF 1.1 14.5 4.51 8.36 13.4 26.0
LA3 0.9 14.2 4.22 8.52 13.3 23.3
LA6 1.0 16.7 3.53 7.11 15.8 27.9
4CIMB 0.9 13.5 4.15 7.43 12.6 30.5
10CIMB 0.8 12.5 3.93 6.91 11.7 33.6
15CIMB 0.7 11.6 3.50 6.31 10.8 35.6
LA3-4CIMB 0.9 13.1 3.91 7.09 12.1 31.5
LA3-10CIMB 0.7 12.1 3.70 6.83 11.4 32.0
LA3-15CIMB 0.7 10.4 3.67 6.53 09.7 35.0
LA6-4CIMB 0.9 14.0 3.38 6.95 13.1 28.0
LA6-10CIMB 1.2 11.7 3.51 6.64 10.5 32.0
LA6-15CIMB 0.6 09.7 3.32 6.04 09.0 36.8



of its polar character and may result in a poor matrix
interface [66]. CIMB has been found to have a higher
impact on tensile properties compared to lignin due
to its plasticizing effect [51]. However, particularly
at lower (4 and 10 phr) CIMB levels, the presence of
lignin could dampen the deteriorative effect of
CIMB. Interactions between lignin and CIMB are
most probably due to phenolic hydroxyl groups of
lignin. The phenolic hydroxyl groups are the most re-
active functional groups and can significantly affect
the chemical reactivity of the material [43, 47, 67].

3.3. Self-healing study
Along with their visual inspection, the self-healing
performance of the samples was evaluated by means
of their retention in tensile strength values. Self-heal-
ing performance results at 180 °C and for 5, 10, and
15 min healing times are given for four different
compound groups, separately in Figure 2.
It is seen in Figure 2 that ENR-based control com-
pound (REF) exhibits 27–38% healing at elevated
temperatures on its own. This was already an expect-
ed result due to the well-known limited self-cross -
linking ability of ENR [14, 45]. As seen in Figure 2a,
3 phr lignin incorporation did not improve the self-
healing performance of the reference compound ex-
cept at relatively high healing temperatures. How-
ever, up to 47% healing could be obtained for the
LA6 compound when sufficient healing time was
allowed. Here, another interesting finding is that
the maximum self-healing ratio for all compounds
was measured at 15 min healing time. Although
there is no proven temperature limit, lower self-
healing performance at 190 °C has been attributed
to competitive reactions in rubber matrix, in which
one was healing, and the other one was chain scis-
sion resulting in lower tensile strength after self-
healing.
As one can see in Figure 2b (Group 2), CIMB could
improve self-healing performance from 27–38 to
35–55%. 55% self-healing ratio was measured for
15CIMB compound at 180 °C for 15 min healing
time. However, it should be noted that there was
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Table 3. Original mechanical properties of the vulcanizates.
Tensile

strength
[MPa]

Elongation at
break
[%]

50% Modulus
[MPa]

REF 016.4±1.4 889±60 0.96±0.05
Group 1

LA3 14.0±1.0 835±43 0.84±0.04
LA6 13.4±1.9 643±58 1.20±0.06

Group 2
4CIMB 11.8±1.0 797±45 0.81±0.02
10CIMB 10.5±1.0 716±53 1.14±0.05
15CIMB 10.5±0.3 687±29 0.99±0.03

Group 3
LA3-4CIMB 14.2±1.4 895±80 0.85±0.02
LA3-10CIMB 13.6±1.3 760±53 0.74±0.03
LA3-15CIMB 10.5±0.7 624±58 0.75±0.09

Group 4
LA6-4CIMB 14.5±0.8 658±25 1.05±0.03
LA6-10CIMB 13.7±0.8 642±39 0.92±0.03
LA6-15CIMB 07.5±0.8 525±80 0.69±0.08

Figure 2. Self-healing ratio for various healing times at 180°C; a) Group 1, b) Group 2, c) Group 3 and d) Group 4.



not a remarkable change in average self-healing per-
formance when the amount of CIMB was increased
from 10 to 15 phr in the compound.
Self-healing performance was also evaluated for the
longest healing time (15 min), and the effect of heal-
ing temperature at 160, 170, 180, and 190 °C is
shown in Figure 3. Contrary to Group 1 compounds,
increasing the healing temperature of the 15CIMB
compound did not cause a deterioration in self-heal-
ing performance. This was solely attributed to the
anti-reversion effect of CIMB, which is also more
pronounced at high temperatures.
Group 3 compounds comprise 3 phr lignin and
CIMB ladder (Table 4). Here, any of the compounds
did not exhibit an improvement in self-healing ratio
when compared to Group 2 compounds, which com-
prise only CIMB in the same amounts as Group 3.
The highest self-healing ratio for Group 3 was meas-
ured as 55%; this was of the LA3-15CIMB com-
pound and measured at 180 °C – 15 min healing con-
ditions (Figure 2d). When we compare Group 1 and
Group 2 in each other, CIMB is still found to im-
prove healing by balancing self-healing and rever-
sion processes.
Using a relatively high amount (6 phr) of lignin with
an increasing amount of CIMB (Group 4) was eval-
uated in Figure 2 and Figure 3. As seen in both fig-
ures, when the healing temperature was increased
sufficiently, 6 phr lignin and 15 phr CIMB (LA6-
15CIMB) could provide remarkable success in self-
healing. This was also related to healing time. The

highest level of self-healing, which was 83%, again
could be obtained at 180°C. This impressive healing
ratio was attributed to the best stoichiometric inter-
action between lignin and CIMB.
Structural mobility and localization are the key con-
cepts for self-healing. Thus, high cross-link density
is expected to reduce self-healing due to the fact that
it restricts mobility in the polymeric matrix [68]. In-
deed, there are some studies met in the literature in-
dicating reciprocity between self-healing and cross-
link density for ENR-based rubber compounds [1,
17, 69, 70] as well as for different polymeric struc-
tures [6, 71, 72]. In this study, the LA6-15CIMB
compound exhibits not only the highest level of self-
healing performance but also the lowest level of ten-
sile modulus along with the lowest cure extent.
In other respects, better self-healing in the case of
high temperatures and long healing periods can be
attributed to sufficient inter-diffusion of polymer
chains, which promotes epoxidation at the interphase
[1, 19, 69]. Indeed, for Group 3 and Group 4 com-
pounds comprising both lignin and CIMB, remark-
ably higher self-healing performance could be
achieved at high temperatures when they are allowed
to keep healing for sufficient healing time. However,
it should be noted that healing efficiency tends to de-
crease at temperatures over 180 °C. The decrease in
self-healing performance at 190 °C, can be associat-
ed with physical cross-links based on ionic interac-
tion or hydrogen bonds [70].

3.4. Cross-link density
Cross-link densities of all the selected vulcanizates
were calculated by using swelling results to under-
stand better how self-healing performance is corre-
lated to cross-link structure. Results are given in
Table 5 for each compound, which was taken from
the healing surfaces before and after self-healing.
When evaluated, cross-link density values of the
samples before self-healing are in a good correlation
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Table 4. Self-healing ratio [%] in tensile strength of the vul-
canizates for 15 min.

at 160°C at 170°C at 180°C at 190°C
REF 32±1 33±3 40±2 37±3

Group 1
LA3 30±3 34±5 45±2 34±8
LA6 31±4 36±3 47±3 43±8

Group 2
4CIMB 35±3 40±1 46±4 50±5
10CIMB 42±4 44±8 52±5 55±5
15CIMB 43±7 44±7 055±10 55±5

Group 3
LA3-4CIMB 27±3 36±3 39±5 38±5
LA3-10CIMB 33±6 38±5 42±6 41±5
LA3-15CIMB 44±3 45±4 56±9 48±9

Group 4
LA6-4CIMB 27±3 36±5 39±2 41±1
LA6-10CIMB 34±3 39±4 43±4 42±4
LA6-15CIMB 58±3 063±11 083±10 78±8

Figure 3. Self-healing ratio at various temperatures for
15 minutes healing time.



with their cure extent values given in Table 2, which
refers to cure data. For 15CIMB and LA6-15CIMB
samples, cross-link density values were measured
higher after self-healing.
It is much more remarkable for the LA6-15CIMB
sample, which contains both lignin and CIMB in
higher amounts. It is very well-known that extent of
cross-linking reaction of ENR strictly depends on the
ring-opening level of the epoxy groups. Besides, the
amount of lignin has a significant impact on the re-
action by promoting the interaction between epoxy
groups and CIMB. Therefore, the higher cross-link
density of the given sample after self-healing can
readily be attributed to further cross-linking reac-
tions, and this finding supports the fact that LA6-
15CIMB composition exhibits the best self-healing
performance, as indicated above. This is also an ex-
pected result of decreasing average molecular weight
between the cross-links (Mc). Indeed, the elastic re-
tention force is inversely proportional to the average
distance between the cross-links on the polymer
chain [55, 73].
When we correlate with the initial cross-link density,
self-healing performance has been found to decrease
with increasing cross-link density due to less poly-
mer chain diffusion in the rubber matrix, as extensive-
ly explained in related studies in the literature [21,

74, 75]. However, when the fractured samples are
subjected to the self-healing process for appropriate
healing conditions (time and temperature), further
cross-links are able to form if the rubber compound
contains the required species promoting self-healing
[19, 21, 26, 72]. LA6-15CIMB sample, which has
the lowest initial cross-link density and the highest
one after self-healing, represents this fact as a good
example.

3.5. Optical micrographs of self-healed
materials

For all the compound groups, 180 °C – 15 min has
been found to be the best self-healing condition.
Thus, representative pictures of the samples, which
were healed at 180°C were given below in Figure 4.
Healed samples were also shown under ×100 mag-
nification in Figure 5. Figures clearly show that all
the parameters: composition, temperature, and heal-
ing time, are highly effective in self-healing per-
formance. Samples, which self-healed at appropriate
conditions, could exhibit excellent recovery that is
almost the same as their initial appearance. The sam-
ple exhibiting the highest self-healing ratio, LA6-
15CIMB, has also been depicted in Figure 6 to verify
how high self-healing performance affects physical
appearance.
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Table 5. Swelling ratio (Q), cross-link density (Ve) and molecular weight between cross-links (Mc) of the vulcanizates based
on swelling measurements.

Before self-healing
[mol/m3]

After self-healing
[mol/m3]

Q
[%]

Ve
[mol/m3]

Mc·103

[g/mol]
Q

[%]
Ve

[mol/m3]
Mc·103

[g/mol]
REF 1.7±0.3 585±26 2.2±0.1 2.2±0.1 397±26 2.9±0.1
LA6 1.8±0.1 594±68 1.9±0.1 1.9±0.2 522±78 2.3±0.1
15CIMB 1.9±0.5 517±65 2.3±0.1 1.8±0.0 563±21 2.0±0.0
LA6-15CIMB 2.0±0.2 453±86 2.4±0.1 1.7±0.0 635±19 1.8±0.0

Figure 4. Representative pictures – original tensile-fractured samples before self-healing and after self-healing at 180 °C for
15 min.



3.6. FTIR analysis and proposed reaction
mechanism

For verifying the potential chemical interactions be-
tween ENR, lignin, and CIMB, selected samples
were analyzed by using an FTIR device. The atten-
uated total reflectance (ATR)-FTIR spectrum of the
reference compound REF, LA6, 15CIMB, and
LA6-15CIMB compounds are given in Figure 7 and
Figure 8, respectively, before and after self-healing
at 180°C for 15 min healing conditions.
The peaks at 2959, 2917, and 2850 cm–1 in Figure 8,
which are detected at all vulcanizate spectra, are
characteristic peaks of ENR and represent –CH3
stretching vibration, C–H stretching vibration, and 
–CH2 symmetric and asymmetric stretching vibra-
tions, respectively [76, 77]. Besides, the 875 cm–1

band refers to the presence of an epoxy ring (C–O–C)
along with 1458 and 1377 cm–1 bands, which belong

to C–H stretching and bending vibrations, respec-
tively [1, 21, 56, 68, 77–81].
In Figure 7, the cyclic imide (–C=O) bending vibra-
tion peak, which is characteristic of CIMB, is seen
for 15CIMB and LA6-15CIMB vulcanizates, as ex-
pected [61]. When comparing LA6 and REF sam-
ples, the peak intensity at 1175 cm–1 is lower for
LA6 vulcanizates which refers to lignin to promote
epoxy ring opening reaction in ENR [1, 82].
In Figure 8a and Figure 8b, for REF and LA6 com-
pounds, the peaks around 1700 cm–1 (1737 and
1743 cm–1) refer to non-conjugated C=O of carbonyl
and carboxylic groups. These peaks are associated
with the oxidation of cis-double bonds and/or the re-
arrangement of epoxy groups [1, 43, 78]. Higher
peak intensity at 1097 and 1065 cm–1 bands in FTIR
spectra of LA6 and LA6-15CIMB (Figure 8b and
Figire 8d) indicates increasing C–O–C stretching vi-
brations. These peaks can be associated with the ENR
backbone to interact with the other species present in
the reaction media [6]. Besides, C=S and C=O groups
come from epoxy ring opening reactions [80]. The
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Figure 5. Optical micrographs of LA6-15CIMB samples after self-healing a) at 180°C for 5 min, b) at 180°C for 10 min,
and c) at 180 °C for 15 min.

Figure 6. LA6-15CIMB sample after self-healing at 180 °C
for 15 min.

Figure 7. ATR-FTIR spectra of selected vulcanizates.



increasing peak intensity in the same absorption
band also supports the presence of ether cross-links
between lignin and epoxy groups of ENR as well as
sulfonate ester cross-links [84]. Please note that the
highest self-healing ratio of the LA6-15CIMB sample
was also attributed to the possible chemical interac-
tions between lignin, ENR, and CIMB. In Figure 8a
and Figure 8b, the peak intensity of the 832 cm–1

band refers to C=C bonds after self-healing. For all
the samples, 1249 and 743 cm–1 bands belong to
C–O symmetric stretching vibration and ring stretch-
ing vibration, respectively [1, 77, 83]. Then, the
sharp decrease in the peak intensities of the same
bands is attributed to the epoxy ring opening reaction
for LA6-15CIMB vulcanizate.
CIMB is known to attach to the polymer structure
via the broken cross-links during reversion, whereas
it is normally not active at the beginning of the vul-
canization reaction [28, 84]. In Figure 7, cyclic imide
(–C=O) stretching vibration peak (1709 cm–1) is de-
tected in the presence of CIMB. Cross-linking dur-
ing self-healing is expected to occur via C=C bonds

on ENR for CIMB-containing vulcanizates [61]. This
is also supported by the highly increasing 1709 cm–1

peak for LA6-15CIMB vulcanizate (Figure 8c and
Figure 8d), which exhibits the best self-healing per-
formance.
Evaluating all FTIR observations as well as the rhe-
ological and mechanical test results, the proposed
reaction mechanism between ENR, lignin, and
CIMB is summarized in Figures 9–11. Figure 9 de-
picts the traditional sulfur vulcanization of ENR and
epoxy ring-opening reaction. During the vulcaniza-
tion step at a sufficiently high vulcanization temper-
ature, the active accelerator complex, which is able
to react with sulfur, reacts with allylic sites of the
polymer chain and readily initiates cross-linking re-
action [85].
Also, the epoxy ring-opening reaction of ENR by the
effect of lignin is given in Figure 9. Kraft lignin is a
branched macromolecule and is able to give strong
intra-molecular interactions thanks to its several
functionalities. Phenolic hydroxyl groups have the
highest concentration among these functionalities
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Figure 8. Extended ATR-FTIR spectra of a) REF, b) LA6, c) 15CIMB, and d) LA6-15CIMB vulcanizates before and after
self-healing.



[47]. Reactive –OH groups of lignin interact with the
oxygen atom on the ENR epoxy ring to initiate the
ring-opening reaction via the formation of hydrogen

bonding [4]. Cross-linking reaction between ENR
and lignin without using any curative has also been
well-defined in literature [45].
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Figure 9. Traditional sulfur vulcanization mechanism and the epoxy ring-opening reaction of ENR in the presence of lignin.

Figure 10. Proposed Diels-Alder and retro-Diels-Alder reaction mechanisms between ENR and CIMB.



CIMB is a traditional anti-reversion agent, which is
able to interact with double bonds on the polymer
chain to provide reversible covalent bonds via a
Diels-Alder reaction at relatively high vulcanization
temperatures. Therefore, CIMB can be considered as
a potential self-healing agent for sulfur-cured rubber
materials [29, 60, 84]. The amount of reversible cross-
links depends on double bond concentration on the
polymer backbone, as expected. For ENR vulcan-
izates, along with the double bonds, epoxy rings have
the potential to increase total reactivity for interact-
ing with CIMB molecules.
In this study, the main function of lignin is believed
to promote the epoxy ring-opening reaction to let
ENR interact further with CIMB. The proposed Diels-
Alder reaction mechanism of ENR in the presence
of both lignin and CIMB is given in Figure 10. Car-
bonyl groups linked to maleimide terminations make
the double bond on bismaleimide highly active to act
as a dienophile for the Diels-Alder reaction with
conjugated dienes [30]. Increasing cross-link density
of LA6-15CIMB vulcanizate after self-healing also
coincides with the diene-dienophile reaction (Diels-
Alder) of CIMB and double bonds on fractured poly-
mer chains [29, 37, 86, 87].
The proposed Alder-ene reaction mechanism be-
tween CIMB and isoprene units on ENR molecules
is given in Figure 11 [30, 61, 62]. This reaction is

thought to take place within the self-healing process.
Higher cross-link density of CIMB containing vul-
canizates after self-healing, as well as new chemical
bonds detected in FTIR spectra of these samples, can
be accepted as strong proof for this evaluation.

3.7. Dynamic mechanical analysis
The reversible character of the self-healing process
was investigated by following the dynamic modulus
of the four representative samples. The selected vul-
canizates REF, LA6, 15CIMB, and LA6-15CIMB,
which were already self-healed at 180°C for 15 min,
were subjected to customized dynamic heating-
cooling cycles, and the obtained results are given in
Figure 12. In each cycle of dynamic analysis, the
retro-Diels-Alder reaction is expected to occur at
high temperatures, whereas the ENR and CIMB give
Diels-Alder reaction during cooling down to 40 °C.
As seen in the figure, storage modulus, as well as loss
modulus values, increase in the cooling period indi-
cating the Diels-Alder reaction as well as the Alder-
ene reaction in each cycle. Immediately after the
heating period starts, the modulus values show a sharp
drop. This behavior can be attributed to the retro-
Diels-Alder reaction, which results in breaking down
the cross-links formed by Diels-Alder and Alder-ene
reactions in the previous cooling period, and the
overall dynamic results show a good correlation with
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Figure 11. Proposed Alder-ene reaction between ENR and CIMB.



the recent literature [8, 26, 88]. When we compare
the storage modulus of lignin and CIMB-containing
samples with the reference one, significantly higher
modulus values of these samples after each cooling
period were also found to be related to their higher
self-healing ratio. Besides, the LA6-15CIMB com-
pound, which exhibited the highest level of healing,
has the highest storage modulus values, especially
after the second and third cycles. Indeed, the lower
modulus of all CIMB-containing vulcanizates after
the first cycle could easily be attributed to their lower
initial mechanical strength.

4. Conclusions
In this study, the self-healing performance of an
ENR-based rubber compound in the presence of
lignin and CIMB has been investigated by means of
retention in tensile strength as well as by visual in-
spection. Self-healing agents resulted in a higher
cure rate due to reactive interactions of lignin and
CIMB on the ENR matrix to promote further cross-
linking reactions. Lignin could improve self-healing
from 27 to 47% on its own, whereas CIMB, which
was found to improve healing by balancing healing

and reversion processes, could do it up to 55% at
specific healing conditions. Using 6 phr lignin and
15 phr CIMB in the same composition provided a
remarkable increase in cross-link density by self-
healing as well as the highest level of self-healing
(83%) at 180 °C for 15 min healing time. This im-
pressive healing ratio was attributed to the synergis-
tic effect of lignin and CIMB at the best stoichiomet-
ric ratio. However, using any of lignin and CIMB
may need further attention when the initial mechan-
ical properties are of interest since both additives
have an adverse effect on the mechanical strength of
the ENR-based material.
The reaction mechanism comprising lignin-promot-
ed epoxy ring-opening reaction on ENR backbone,
Diels-Alder, and Alder-ene reactions between CIMB
and isoprene units of ENR was proposed for the self-
healing process. The reversible character of Diels-
Alder and retro-Diels-Alder reactions could also be
proved by dynamic analysis.
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Figure 12. Dynamic moduli of the selected vulcanizates during repetitive heating-cooling cycles. a) REF, b) LA6, c) 15CIMB
and d) LA6-15CIMB.
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1. Introduction
Vulcanization, often known as curing, is the process
by which a two-dimensional entangled polymer
chain is crosslinked to form a three-dimensional net-
work. In essence, vulcanization is a physical process
that converts plastic polymer chains into an elastic
polymer network. Several vulcanization processes
have previously been identified and are extensively
utilized in business and academics, the most popular
of which are sulfur and peroxide-based procedures
[1]. Vulcanization restricts the free flow of polymer
chains through the formation of network junctions,
which also entraps many entanglements. Overall,
this results in an elastically active network in the

elastomeric chains, which significantly enhances the
material’s mechanical performance. The type and na-
ture of crosslinking networks developed and their
cure sites have a significant role in the final vulcan-
izate properties of elastomers [2]. The dissociation
energy, thermal stability and flexibility of the link-
ages are prime deciding factors when it comes to the
application point of view.
Changes in curing systems are reflected in vulcan-
izate properties, which are directly related to the net-
work produced in the elastomer if all other compo-
nents remain the same. Consequently, a systematic
examination of the mechanical properties of elas-
tomeric samples in which only the curing systems
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vary may provide a significant deal of information
about the network produced and their characteristics;
the same method is used in this research. Multiple
researchers have shown the use of tensile and dy-
namic mechanical characteristics in elastomer cross -
linking network characterization [3]. Although tem-
perature scanning stress relaxation is a relatively
recent technique for understanding the relaxation be-
havior of polymers, the effective use of this tech-
nique to comprehend crosslink network characteris-
tics is one of the innovative aspects of our study. In
addition, various traditional rubber tests were used
to bolster the conclusions of this study.
Polymers subjected to constant strain display the
well-known stress relaxation phenomena. Essential-
ly, stress relaxation is a more or less pronounced re-
duction in stress as a function of time. Physical
and/or chemical processes may be responsible for
the microscopic factors that contribute to the macro-
scopic reduction in stress [4]. In thermoset rubbers,
chemical processes occurring in the breakage of
polymer chains and network junctions govern the
thermal-mechanical behavior [5, 6]. Conventionally
Maxwell model is used to represent the stress relax-
ation of viscoelastic solids, but the true behavior of
materials is, unfortunately, more complex and cannot
be captured by the basic Maxwell model [7]. Ac-
cording to the well-known theory of linear viscoelas-
ticity, the complete relaxation process may be rep-
resented using the generalized Maxwell model, which
is comprised of an unlimited number of spring-dash-
pot parts which provide an isothermal relaxation
modulus as a function of time. In accordance with
Alfrey’s rule, the relaxation time constants are in-
versely proportional to temperature, i.e., the higher
the temperature, the lower the relaxation time con-
stants, and vice versa [8–10]. Because the relaxation
spectrum spans such a broad time scale, it is almost
difficult to identify the complete function from a sin-
gle measurement of stress relaxation. To generate a
master curve based on the time-temperature super-
position concept, typically, a series of observations
at many temperatures must be performed. Therefore,
a great deal of work is necessary to acquire compre-
hensive information about stress relaxation behavior.
Recently, temperature scanning stress relaxation
(TSSR) measurements have been used as an alter-
nate method. In contrast to conventional isothermal
experiments, the temperature is not held constant
during TSSR measurements; rather, it climbs linearly

with a constant heating rate. Thus, the non-isothermal
relaxation modulus (Enon-iso) is derived as a function
of temperature. In a manner similar to observations
of isothermal stress relaxation, the spectrum H(T)
may be approximated using Equation (1) [11–13]:

(1)

where the relaxation spectrum H(T) is a function that
is related to the system’s population of relaxation
mechanisms, and β is the heating rate of the temper-
ature scan. Despite the fact that this function is not
specified on a time scale, the relaxation processes
shown by the polymer sample throughout the test
may be easily recognized since the relaxation time
constant decreases monotonically with rising tem-
perature T. Due to its very high dependency on tem-
perature, the relaxation time constant quickly de-
creases to negligible values within a short tempera-
ture range. Consequently, during the temperature
scan of a TSSR test, the whole spectrum can be seen
on a temperature scale within a very little time,
which was successfully utilized in this study. In
TSSR, in addition to stress relaxation, two further
processes, namely heat expansion and rubber elas-
ticity of the sample, are considered [14].
In addition to monomers, molecular level features of
elastomers, such as molecular weight, monomer
ratio, crystallinity, degree of unsaturation, type of
branching, entanglement density, and viscosity, may
significantly affect the final elastomer product attrib-
utes. How these features are represented in the final
properties when various vulcanizing processes are
used is very seldom addressed comprehensively. This
research evaluated the vulcanizate qualities of two
ethylene-propylene-diene monomer (EPDM) rubber
types from opposite ends of the property spectrum
by curing them with four distinct curing processes.
EPDM was chosen as the basis matrix for this inves-
tigation because sulfur and peroxide-based curing
processes have proven effective in commercial ap-
plications; another objective of this research is to an-
alyze the behavior of hybrid curing systems. Conse-
quently, the viability and uses of EPDM with both
curing systems make it the ideal material for analyz-
ing the features of a hybrid curing system based on
sulfur and peroxide.
As previously mentioned, the most sought-after vul-
canizing systems are sulfur and peroxide, but in this
study, we are also incorporating the relatively new
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idea of a hybrid system. In this instance, a hybrid
system combines sulfur and peroxide system compo-
nents, hoping to have a synergistic impact on the
qualities of the vulcanizate. Carbon-sulfur-carbon
linkages are created by sulfur vulcanization and are
renowned for their excellent flexibility and higher
tensile properties. In contrast, carbon-carbon cross -
links are created by peroxide and are renowned for
their excellent thermal stability and low compression
set properties [15, 16]. Both systems have flaws.
Hence a hybrid system is anticipated to eliminate the
flaws while combining the positive aspects of both
systems. In general, sulfur systems are believed to
form crosslinks at allylic positions of double bonds
in unsaturated elastomers. In the case of EPDM, only
the dimer molecule, Ethylidene norbornene (ENB),
has double bonds. Peroxides may generate crosslinks
in both the main chain and pendent dimer molecules,
as seen in Figure 1. Thus, in a hybrid system, it is en-
visaged that such linkages would coexist, resulting
in a number of alterations to the vulcanizate’s char-
acteristics. In addition, during the crosslinking with
peroxide, peroxide creates macro radicals (radicals
located in the EPDM main chain as a result of hy-
drogen abstraction). Sulfur is capable of attaching to
these radicals and transferring the radical to them,
resulting in sulfur crosslinks connecting the main
chains of EPDM, which is anticipated to result in
significant changes to vulcanizate properties [17].

Many authors discuss the impact of sulfur in the
peroxide vulcanization system, with the same con-
clusion: adding a trace amount of sulfur enhanced
the tensile capabilities with a compromise in com-
pression set properties [18–20]. They concluded that
the existence of labile sulfur crosslinks explained
their findings. Similar research also notes that adding
sulfur results in less crosslink density (XLD) due to
an interaction between the sulfur and peroxide radi-
cals. Yet it has also been documented that in hybrid
curing systems, the high values of crosslink densities
show up when stearic acid and zinc oxide are pres-
ent. Brodsky [19] have found that hybrid systems
had higher tensile strength than sulfur vulcanizates
and tear strength that is on par with sulfur vulcan-
izates. The effect of two-stage curing was reported
previously [21]. Engelbert [22] showed that the me-
chanical qualities of EPDM might be enhanced by
curing it using a combination of sulfur-peroxide and
sulfur-electron beams. In addition, Chakraborty et al.
[23] comprehensively evaluated several investiga-
tions covering a wide range of mixed curing sys-
tems. Cumuloxy radical annihilation in a sulfur/per-
oxide hybrid crosslinking system was reported by
Banerjee and coworkers [20, 24–26] Kruželák and
coworkers [27, 28] investigated the effect of curing
system composition on crosslinking and physical
and mechanical properties of acrylonitrile butadiene
rubber (NBR) samples. They found that samples
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Figure 1. Schematic displaying various sulfur and carbon-carbon linkages observed in EPDM rubbers.



cured with an equivalent ratio of sulfur and peroxide
had the highest tensile strength and elongation at
break and that thermooxidative aging improved the
physical-mechanical properties of vulcanizates
based on NBR regardless of curing system compo-
sition. Nakason et al. [29] used the sulfur-peroxide
hybrid cure technique to crosslink epoxidized natural
rubber (ENR)/ polypropylene (PP) thermoplastic
vulcanizates (TPVs). They reported that hybrid-
cured TPVs showed greater mixing torques, shear
stress, shear viscosity, tensile strength, and elonga-
tion at break than sulfur and peroxide-cured systems.
Moreover, hybrid-cured TPVs had higher dispersed
ENR particle sizes.
In essence, this research investigates the interrela-
tionship between the molecular network structure of
EPDM and the previously described vulcanizing sys-
tems (sulfur, peroxide, and hybrid systems) by com-
paring the physio-mechanical characteristics of vul-
canizates. In detail, two grades of EPDM elastomers
with entirely different molecular structures and at-
tributes were selected to determine each cure sys-
tem’s disparate reactions to the distinct molecular
structures of EPDM. In addition to two optimized
hybrid systems, a commercially established sulfur
system and a peroxide system were employed as vul-
canizing systems in this investigation. Testing spec-
imens of samples were produced based on both the
EPDM grades using these four curing methods. A
thorough analysis of the physio-mechanical respons-
es of the samples derived the inter-relationship of the
vulcanizate network and molecular structure in
EPDM rubber.

2. Experimental
2.1. Materials
Two varieties of EPDM elastomers named Keltan
10675C DE and Keltan 4465 are procured from AR-
LANXEO Performance Elastomers, Changzhou City,
China. Of which Keltan 10675C DE is a highly crys-
talline grade with 65 wt% ethylene content, 6.0 wt%
ENB and a high Mooney viscosity of 67
MU(ML(1+8) 150°C). In addition, this grade has
controlled long-chain branching, which contributes
to high performance and better processing properties.
It also contains 50 phr of high-quality, colorless ex-
tender oil, making it an excellent grade for low-hard-
ness rubber products that require excellent UV resist-
ance. However, the Keltan 4465 is mostly amorphous

with an ethylene content of 56 wt%, ENB content of
4.1 wt%, and a Mooney of 48 Mooney unit (MU)
(ML(1+4) 125°C). This grade is of broad molecular
weight distribution and 50 phr oil extension, which
make it suitable for low hardness profiles. As per ob-
served Mooney values, Keltan 10675C DE is pre-
dicted to have 1.5 times the molecular weight of
Keltan 4465 and 10675C DE and 4465 grades have
specific gravities of 0.86 and 0.87 kg/dm3, respec-
tively, as determined by the ASTM D 297–15
method. Perkadox 14-40B-PD-S (peroxide), a 40%
active organic peroxide (Di[tert-butylperoxyiso-
propyl] benzene) from Nouryon, Amsterdam, The
Netherlands, functions as a major vulcanization
agent in this study. Zinc oxide (ZnO) and sulfur are
obtained from Merck India Limited, Mumbai, India.
All other rubber compounding ingredients say
stearic acid, polymerized 2,2,4-trimethyl-1,2dihy-
droquinoline (TQ), and the vulcanization accelera-
tors such as 2-mercaptobenzothiazole (MBT) and
tetramethyl thiuram disulfide (TMTD) are procured
from NOCIL India Limited, Mumbai, India. Merck
India Limited (Mumbai, India), provided the cyclo-
hexane solvent used in the swelling investigation.
PCBL Limited’s (Gujarat, India) N-550 grade fine
extrusion furnace carbon black is also used in this
investigation. Each component is used in its original
form; those susceptible to absorbing moisture are
dried in an oven before use.

2.2. Methodology
The experimental part of this study started with the
preparation of masterbatches based on Keltan
10675C DE and Keltan 4465 according to the formu-
lations shown in Table 1 at 145 °C and 60 rpm.
Henceforth, they will be known as the HM series and
LM series, respectively. After 24 hours of maturation,
vulcanizing chemicals are integrated into the master-
batch using the same Haake™ Rheomix OS, a lab-
sized internal mixer, at room temperature. The fin-
ished compound is sheeted in a two-roll mill, and its
vulcanization time and other rheological characteris-
tics are assessed using an MDR 2000 type moving
die rheometer. Throughout the mixing process,
ASTM D3182-21a is adhered to, and standard vul-
canized sheets and test specimens are produced in a
compression molding press from the final compound
in line with the standards provided in the respective
sections.
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2.3. Characterization of samples
2.3.1. Mooney viscosity
The Mooney viscosity of raw rubbers was deter-
mined in accordance with ASTM D 1646 using a
Mooneyline viscometer manufactured by Prescott
Instruments (Tewkesbury, UK) with a big rotor at
125 °C. The results are analyzed to determine the
type of basic elastomers.

2.3.2. Rheometeric studies
Disc-shaped specimens with a volume of approxi-
mately 5 cm3 are cut from the final compound using
a volumetric sample cutter. They are subjected to an
isothermal cure study at 170 °C in Monsanto MDR
2000 (Akron, USA), with an oscillation arc of ±0.5°
for 30 minutes. In addition to vulcanization features
such as optimum cure time (TC90), cure rate index
(CRI), and delta torque, the rate constants of vulcan-
ization are derived from this data.

2.3.3. Temperature scanning stress relaxation
The temperature-dependent stress relaxation behav-
ior of samples was examined using a TSSR Meter
(Brabender, Duisburg, Germany). The specimens are
dumbbell-shaped (Type 5A, ISO 527) and were
punched from a 2 mm thick compression-molded
sheet. The specimens are kept in an electrically heat-
ed test chamber at 23°C and a 50% strain is applied
in the first stage. In the second phase, the sample is
held at 50% strain for two hours to diminish short-
term relaxation mechanisms. In the third phase, the
non-isothermal test was conducted by gradually in-
creasing the temperature at a rate of 2 °C/min until
the stress relaxation was complete or the sample rup-
ture. A schematic view of the test procedure is given
in Figure 2.

A thermocouple near the specimen center detected
its temperature in real-time. High-quality signal am-
plifiers and analog-to-digital (AD) converters were
utilized to detect and digitize force transducer and
thermocouple analog signals. All signals were trans-
mitted to a computer, where software treated and
evaluated the data and controlled the test operation.
The results include force ratio, which is the quotient
F(T)/F(0). F(T) and F(0) indicate the force at tem-
perature T and T0, respectively. T10, T50, and T90 are
determined from the normalized force-temperature
curve, as shown in Figure 2. Here, the T90 could be
used to measure the degree of thermo-oxidative
chain breakdown of polymers. TSSR index (RI) is
derived from the area under the normalized force-
temperature curve, indicating the elastic behavior of
the material (Equation (2)). The crosslink density of
the samples can be obtained from TSSR(CLD-
TSSR) based on the theory of rubber elasticity [30]:

(2)

2.3.4. Mechanical properties
2 mm thick sheets are prepared from the final com-
pound using compression molding. ASTM D 412-C
type of dumbbell specimens are punched from the
sheet, and tensile strength is measured at 25±2 °C in
a Hioks-Hounsfield UTM (Test Equipment Ltd, Sur-
rey, England) at a crosshead speed of 500 mm/min.
The presented findings are the average of three spec-
imens per sample. Furthermore, the hardness of all
samples is measured from 6 mm thick disc speci-
mens using a Shore A durometer.
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Table 1. Composition of samples present in this study in phr.

*50 phr oil extended elastomer

Ingredients SHM-1 HHM-1 HHM-2 PHM-1 SLM-1 HLM-1 HLM-2 PLM-1
Keltan 10675 C DE* 150 150 150 150 – – – –
Keltan 4465* – – – – 150 150 150 150
ZnO 3 3 3 – 3 3 3 –
Stearic acid 1 1 1 – 1 1 1 –
TQ 1 1 1 1 1 1 1 1
Carbon black (N 550) 70 70 70 70 70 70 70 70
MBT 0.5 0.5 0.5 – 0.5 0.5 0.5 –
TMTD 1 1 1 – 1 1 1 –
Sulfur 1.5 0.5 0.5 – 1.5 0.5 0.5 –
Perkadox 14-40 BPD – 1.5 3 6 – 1.5 3 6



2.3.5. Compression set
Method B under ASTM D 395 is used throughout
the test. A cylindrical specimen with a thickness of
6 mm and a diameter of 13 mm is molded directly
and used for the measurements. The cylindrical spec-
imens were compression-molded using a vulcaniza-
tion time of TC90 + 5 minutes to ensure that heat was
evenly distributed throughout the thickness. The
specimens are compressed in spacers that can main-
tain a constant deflection of 25% of the initial thick-
ness for 70 hours at 100 °C. The initial and final
thicknesses are measured using a thickness gauge,
and the percentage compression set is computed
using Equation (3). The stated results for the com-
pression set are the mean of three specimens per
sample:

(3)

where T is the thickness, TInitial, TFinal, are the thick-
ness of the sample before and after compression set
experiments, also TSpacer is the thickness of the spac-
er used for the experiment.

2.3.6. Heat aging
Vulcanized sheets of 2 mm thickness were heat-aged
at 100 °C for 72 hours in a hot air oven.

Change in tensile properties
The tensile properties of the samples are tested be-
fore and after heat aging in accordance with ASTM
D 412. The percentage change in properties is cal-
culated from Equation (4):

(4)

where P refers to the tensile properties such as ten-
sile strength, elongation at break, modulus.
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Figure 2. a) Schematic view of the test procedure, b) TSSR instrument, c) and conventional plots from TSSR.



Dynamic mechanical analysis (DMA)
In tensile mode, strain sweep measurements are con-
ducted using 20×5 mm strips punched from a 2 mm
thick vulcanized sheet. This test is used to analyze
the aging behavior of the samples, strips from aged
and unaged samples are tested, and the results are
compared. The strain sweep is performed in the dy-
namic strain range of 0.01 to 20% at a frequency of
10 Hz in Metravib 50N France at 50 °C. Parameters
such as storage modulus (E′), loss modulus (E″), and
tan delta (tan δ) are obtained from this study.

2.3.7. Swelling studies
Using swelling tests in cyclohexane for 72 h at
25±2 °C, crosslink density was determined. The
analysis uses 2 mm thick disk-shaped vulcanized
specimens. Equation (5) was used to calculate the vol-
ume fraction of swollen rubber (Vr). Where m1 and
m2 are the dry polymer and solvent swollen sample
weights, while ρ1 and ρ2 are their densities. Test spec-
imens were weighed before swelling, after swelling,
and after drying and then using the Flory–Rehner
equation (Equation (6)), crosslink density (ν) was
calculated. Vs refers to cyclohexane’s molar volume,
which is 107.7 cm3/mol. Flory-Huggins polymer-
solvent interaction parameter (χ) of EPDM-Cyclo-
hexane used was 0.38 [31]. It can be noted that when
comparing compounds with the same filler content,
relative crosslink density values can be compared
without Kraus adjustment [32, 33]:

(5)

(6)

3. Results and discussion
3.1. Mooney viscosity
The sole difference between the two series of sam-
ples in this analysis is their base elastomers. Mooney
viscosity is therefore utilized as a tool to investigate
their fundamental differences in molecular structure
[34]. Figure 3 depicts the Mooney viscosity plot of
both base elastomers, revealing that the HM series
base elastomer has a Mooney value of 76.8 MU,
which is twice as large as the LM series base elas-
tomer Mooney viscosity under similar test condi-
tions. The Mooney value clearly shows that the HM
series base elastomers have a larger molecular
weight and a lower polydispersity index than the LM
series base elastomer. Furthermore, it suggests the ex-
istence of more long-chain ethylene crystallites in
HM series base elastomer. In all the performance
properties of the vulcanizates in this study, the effect
of this fundamental difference in molecular structure
can be observed.

3.2. Rheometric studies
The curing behavior of samples was analyzed at
170°C on a Monsanto moving die rheometer. Table 2
summarizes the critical cure parameters derived from
the rheo curves (Figure 4), such as scorch time (TS2),
maximum torque (MH), delta torque (ΔS: measured
as the difference between maximum and minimum
torque), cure time (TC90: time taken to attain 90%
maximum torque) and cure rate index [35].
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Figure 3. a) Mooney viscosity of two grades of EPDM used, b) Shore A hardness of the samples.



Figure 4 illustrates the difference between the HM
and LM series’ rheological behavior. The maximum
torque value difference between the HM and LM se-
ries remains relatively consistent regardless of the
curing technique (4.17±0.47 dN·m). This indicates
that none of these curing systems induce significant
scission or breakage in the main chain of the elas-
tomers; instead, crosslinking is the predominant re-
sponse that occurs here. It can also be noted that the
elastomeric chain network structure and their branch-
ing type are different for both series. Aside from this,
when comparing the HM and LM series, the other

curing metrics, such as TC90 and CRI, exhibit no no-
ticeable change.
Within a series, the essential cure parameters of both
hybrid systems in the HM and LM series are com-
parable, indicating that only a small proportion of
peroxide is directly involved in the crosslinking
process. However, the samples are also brought to the
subsequent investigations in order to comprehend the
function of this additional peroxide in determining the
cure site and the impact of sulfur on peroxy radical
destruction. Based on the comparable MH and delta
torque values of sulfur-based and peroxide-based
samples in both series (SHM-1 vs. PHM-1 and SLM-1
vs. PLM-1), it can be inferred that both curing meth-
ods are capable of producing network structure at
170°C. However, the hybrid systems exhibit lower
MH and delta values of around 3.5 units in both series.
This difference is often linked to decreased network
density and the degree of recovery. It is expected be-
cause the likelihood of peroxy radical destruction is
high, and it restricts the availability of components for
the vulcanization process. However, in the case of hy-
brid systems, this is not the case because, as seen in
Table 1, unlike sulfur- or peroxide-based systems,
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Figure 4. Vulcanization rheo plots of a) sulfur, b) and c) hybrid and d) peroxide-based systems at 170°C.

Table 2. Vulcanization parameters obtained from Monsanto
moving die rheometer MDR 2000.

Sample TS2
[min]

MH
[dN·m]

Delta torque
[dN·m]

TC90
[min]

CRI
[–]

SHM-1 0.89 20.32 17.70 10.27 10.66
HHM-1 1.23 16.01 13.02 08.97 12.91
HHM-2 1.12 16.17 13.19 08.44 13.68
PHM-1 0.76 19.71 16.57 11.09 09.69
SLM-1 1.21 15.58 13.65 11.19 10.02
HLM-1 1.47 12.03 10.09 08.90 13.46
HLM-2 1.39 12.66 10.69 09.31 12.63
PLM-1 1.11 15.26 13.18 13.09 08.35



hybrid systems use less vulcanization chemicals; these
recipes are proved to perform best in our previous in-
vestigation [17]. In addition, it contradicts the notion
that hybrid systems have better performance charac-
teristics, as will be shown in the following sections.

3.3. Temperature scanning stress relaxation
Figures 5c and 5d, depict the stress-temperature
curves from TSSR for the HM series and LM series,
respectively. The normalized force temperature curves
are shown in a similar fashion in Figures 5a and 5b.
Normalized force versus temperature curves of HM
series samples features a strong initial rise in force,
which may be ascribed to the improved entropy ef-
fect of HM series base elastomer (EPDM-Keltan
10675 C DE) owing to regulated long chain branch-
ing. In turn, this improves their mechanical perform-
ance to levels equivalent to natural rubber. In addi-
tion, samples from the LM series also exhibit the first
rise in the force-temperature curve, although it is
gradual and similar to curves described by other au-

thors [36]. In TSSR plots, one of the most significant
differences between the HM and LM series is that
some of the LM series sample force values decay by
more than 50% at higher temperatures, but the HM
series decay is smaller. This is because the LM series
base elastomer (EPDM-Keltan 4465) has a low mo-
lecular weight and a higher polydispersity index. De-
tail-wise, the low molecular weight and high poly-
dispersity index of the LM series base elastomer in-
dicate the presence of polymeric chains of varying
lengths, of which shorter chains are typically not as-
sumed to form elastically active entanglements; fur-
thermore, they tend to slip over other chains and en-
hance the stress relaxation process. However, the pres-
ence of rigid carbon-carbon crosslinks, in essence,
creates the effect of higher molecular weight, and the
difference is evident in the case of the PLM-1 sam-
ple. In detail, Table 3 summarizes the key parameters
from TSSR. In line with the classical theory of rub-
ber elasticity for unfilled compounds, the Neo-
Hookean rule (Equation (7)) holds, and the stress (σ)
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Figure 5. Normalised force ratio curve of a) HM series b) LM series stress vs temperature curve of c) HM series d) LM
series, on insight the slope of stress vs temperature curve.



is proportional to the crosslink density of the net-
work (ν):

(7)

where R is the universal gas constant, T is the tem-
perature, and λ (strain ratio) = l/l0, where l is the
sample length and l0 is the sample’s initial length.
The stress temperature coefficient K for a constant λ
is provided by Equation (8):

(8)

From this crosslink density can be obtained using
Equation (9):

(9)

To extend this model to filled rubber compounds, λ
is substituted with Λ and the reinforcing component
ϕ is added (Equation (10)):

(10)

where ϵ represents the relative strain and the factor
of reinforcement (ϕ) is defined by
ϕ = 1 + 2.5Vf + 14.1Vf

2 (Vf: volume fraction of filler).
It is evident from Equation (8) that the slope of the
stress versus temperature curve is correlated to the
crosslink density of samples [37]. Such plots can be
produced using TSSR (see Figures 5c and 5d), and
the slope at low temperatures is taken into account
when estimating crosslink density since sulfur-based
and carbon-carbon crosslinks are stable at these tem-
peratures. In this work, the crosslink density of sam-
ples is determined using the stress-temperature plot
from TSSR. In this way of examination, the cross -
link density values of LM series samples are some-
what lower. It is due to the greater number of elasti-
cally active entanglements in the HM series due to
its longer chain length.
When comparing samples within a series, it is fasci-
nating to see their deconvoluted relaxation spectra
(Figure 6). Monosulfidic and polysulfide connec-
tions are represented by two different peaks in sul-
fur-cured materials. In contrast, peroxide samples
have a single signal, which corresponds to carbon-
carbon bonds. In addition, the hybrid system exhibits
three peaks, which indicates the co-existence of sul-
fidic and carbon-carbon bonds. The peak tempera-
ture correlates to the temperature stability of indi-
vidual crosslink bonds. Therefore it can be shown
that polysulfide linkages have a temperature resist-
ance of 147 °C (Figure 6a Peak 1 ) and monosulfide
linkages have a temperature resistance of 200 °C
(Figure 6a Peak 2 ). In contrast, peroxide-induced
carbon-carbon bonds have a temperature resistance
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Table 3. Critical parameters from TSSR analysis.

*These values are obtained from TSSR

Sample σ0
[MPa]

T10
[°C]

T50
[°C]

TSSR
index

Crosslink
density*

[mol/m3]
SHM-1 0.79 160.6 – 0.99 1180.0
HHM-1 0.71 175.1 – 0.99 619.0
HHM-2 0.67 167.4 – 0.96 391.8
PHM-1 0.66 171.1 – 0.98 1140.6
SLM-1 0.78 142.4 195.5 0.87 275.6
HLM-1 0.55 143.2 195.2 0.84 194.0
HLM-2 0.60 150.5 198.3 0.87 195.1
PLM-1 0.55 169.6 – 0.98 201.4

Figure 6. Relaxation spectra from TSSR of a) sulfur cured (SHM-1) b) hybrid cured (HHM-1) and c) peroxide cured
(PHM-1) samples.



of 170°C. The deconvoluted relaxation spectrum of
a hybrid treatment has three peaks at 164, 205, and
212°C. The peak at 164 °C corresponds to polysul-
fide links, while the peaks at 205 and 212 °C relate
to monosulfide and carbon-carbon connections;
however, it is difficult to discriminate between them.
The increased temperature resistance of polysulfide
and monosulfide links may be attributable to the like-
lihood of sulfur linkage formation in the backbone of
EPDM elastomer in hybrid systems as opposed to
pure systems. Relaxation spectra of the LM series
also follow the same trend. In addition, based on the
T10 values, hybrid cure systems have better tempera-
ture stability. The T10 values for hybrid cure systems
rise by 14.5 and 4°C compared to sulfur and peroxide
systems, respectively, indicating greater network for-
mation and slower relaxation in hybrid systems.
The TSSR index may be used to examine the elas-
ticity of samples; the greater the TSSR index, the
greater the elasticity of the rubber network [6, 38].
Greater elasticity within a certain elastomer grade
correlates to greater network density and/or strength,
as well as a higher number of entrapped entangle-
ments. The phrase ‘entrapped entanglement’ refers
to entanglements that got imprisoned as a result of
the creation of crosslinks. Detailing polymers com-
posed of high molecular weight chains made of re-
peating units. Due to microscopic Brownian motions,
polymer chains get entangled with one another. Mod-
els of random walking explain this occurrence. How-
ever, when strain is given to an uncrosslinked poly-
mer, the chains flaw and tend to align, resulting in a
decrease in entanglement. However, when a polymer
undergoes crosslinking, the free movement of chains
is constrained, many entanglements are protected or

imprisoned, and they help the polymer to improve
its elasticity, and they are called elastically active en-
trapped entanglements. The TSSR index values of
samples indicate that all HM series samples have
similar TSSR index values. With the exception of
peroxide-cured samples, the same pattern reappears
in the LM series as well. In comparing the TSSR
index of both series, all samples in the HM series
have a value close to one, indicating their high elas-
ticity, whereas the LM series has a value of 0.86, in-
dicating that the LM series has inferior elastic prop-
erties compared to the HM series, with the exception
of the peroxide-cured LM sample.

3.4. Swelling studies
The crosslink densities of the samples were also de-
termined using swelling, followed by the Flory
Rehner equation (Equation(6)). Figure 7 crosslink
density values derived from swelling experiments
and TSSR. The fluctuation of vulcanizate character-
istics with crosslink density has been the subject of
several investigations [39]. In general, characteristics
such as tensile, tear, and fatigue life improve with
increasing crosslink density until they reach a max-
imum, at which point they tend to decrease with ad-
ditional increases in crosslink density. In contrast,
some characteristics, such as dynamic modulus and
compression set, continue to improve as crosslink
density increases. Several papers provide potential
reasons for this phenomenon [40, 41]. There are many
forms of intermolecular and intramolecular crosslinks
as well as network defects, such as dangling chain
ends and chain loops. However, only chemical cross -
links that are elastically active and entanglements that
are trapped will contribute to the physical qualities.
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Figure 7. Crosslink densities from swelling study and TSSR meter for a) HM series b) LM series.



Consequently, it is not required that an increase in
crosslink density would optimize all vulcanizate
qualities in the same manner as delta torque. In both
TSSR and swelling studies, the findings of this study
indicate that the crosslink density of samples from
the HM series is greater than that of samples from
the LM series. It is due to the increased molecular
weight and entanglement density of the HM series
elastomer, in essence, both the measurement meth-
ods quantify the crosslink density based on the phys-
ical response. The second significant difference be-
tween the series is that, whereas in the HM series,
TSSR measurement exhibits higher values than
swelling, in the LM series, swelling experiments ex-
hibit higher values than the TSSR. Comparing sam-
ples within a series reveals that both the HM and LM
series exhibit a similar pattern of delta torque values,
indicating that the majority of torque development
during vulcanization is due to the generation of
crosslinks in the rubber matrix. Both sulfur- and per-
oxide-based systems exhibit greater crosslink density
values than hybrid systems in both series. However,
the superior performance of hybrid systems could be
attributed to their versatile options for cure sites.
Comparing sulfur, hybrid, and peroxide systems, the
crosslink density value trends from TSSR and
swelling are in agreement. However, the cross link
density values of the two hybrid systems exhibit a
little deviation from the trend between TSSR and
swelling. Moreover, swelling experiments reveal a
smaller variation in crosslink density between pure
and hybrid systems, whereas TSSR demonstrates an
approximately two-fold difference. In general, all of
the crosslink density values presented are compara-
ble to the crosslink density values of existing EPDM
compounds of commercial interest, which are docu-
mented in a number of studies.

3.5. Mechanical properties
The vulcanizate qualities, such as tensile and dynam-
ic capabilities, can provide a fair indication of the
crosslinked network and its structure. Aside from
that, it is generally accepted that a lower crosslink
density, which is above a critical crosslink density,
will be more effective at blunting the crack tips than
a higher crosslink density. It is because a higher cross -
link density restricts segmental motion, thereby re-
ducing the ability of the chains to respond to the
crack [42]. Figures 8 represents the tensile properties
of the samples. Moreover, the HM series base elas-
tomer (EPDM-Keltan 10675 C DE) is a growing al-
ternative to natural rubber. Using hybrid vulcaniza-
tion systems, the HHM-1 sample has a tensile strength
of 25.9 MPa, which outperforms the standard-filled
natural rubber compounds. Tensile strength data
shows that all samples in the HM series are stronger
than the LM series irrespective of the curing system
used, which can be attributed to the high molecular
weight of the base elastomer, their controlled long
chain branching and their high crystalline nature due
to the presence of ordered polyethylene chain seg-
ments. However, the LM series samples show higher
elongation at break values than the HM series, which
correlates to their high amorphous nature and low
viscosity. Similar filler content is utilized throughout
the samples; consequently, a similar reinforcement
index is anticipated. Nearly all of the samples exhibit
a similar reinforcement index, except for pure per-
oxide samples, which can be attributed to the higher
concentration of rigid carbon-carbon crosslinking
bonds in peroxide samples. Interestingly, both sul-
fur-cured and hybrid-cured samples have compara-
ble values of 100 and 200% modulus values. On the
other hand, both times, the peroxide samples have a
higher modulus value for the HM series. However,
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Figure 8. Bar plots of a) tensile strength, b) elongation at break, c) reinforcement index.



the 300% modulus values of both series differ great-
ly, and in most cases, the HM series shows a higher
value. Regardless of the series, when comparing the
tensile strength and elongation at break of samples
within a series, both hybrid samples outperform pure
sulfur and peroxide systems. This is a significant ac-
complishment of the study, which is anticipated to
occur owing to the hybrid system’s extra sulfur cure
sites. As the hybrid system exhibits much greater
tensile and elongation capabilities than the pure sys-
tem, the modulus values of the hybrid system are
somewhat smaller than those of the pure system,
which is predicted owing to the hybrid system’s high
chain segmental motion. In contrast, peroxide sam-
ples have a greater reinforcement index and lower
elongation at break than hybrid and pure sulfur sys-
tems. In essence, hybrid compounds have enhanced
tensile qualities relative to their counterparts.

3.6. Compression set
Compression set at a lower temperature is exactly
proportional to crosslinking density, regardless of the
kind of crosslink, since at lower temperatures, almost
crosslinks have the same impact, taking their thermal
stability into account [43]. Comparing compression
set values across series reveals that samples from the
HM series had a lower compression set value for all
curing processes, which is advantageous. As in the
prior situation, it may be linked to their molecular

structure. Moreover, the trend of compression set
values of samples in both series is the same, indicat-
ing that this feature is directly connected to the cross -
linked network generated rather than elastomers’ in-
trinsic properties. Compression set values of all
samples are represented in Figure 9a. While compar-
ing the compression set values of samples, it can be
shown that the hybrid system shows a mediocre
value between the sulfur and peroxide systems, which
further indicates the presence of the co-existence of
both sulfur and carbon-carbon linkages. To make a
rough estimate based on the compression set values,
it can be proven that a hybrid system creates around
65% sulfur crosslinks, and the rest are carbon-carbon
linkages. As both series continue to show this pat-
tern, the theory becomes more compelling.

3.7. Heat aging
The thermal stability of the network formed during
vulcanization is evaluated during a heat aging test,
which can then be used to predict how the material
would function and deteriorate in a real application.
Samples age when subjected to high temperatures
over extended periods of time, and as a result, less
thermally stable polysulfide crosslinks rearrange to
mono or di-sulfidic connections. Even if there is an
improvement in properties, a more significant shift
from initial values has no positive effects, which
causes alterations in the characteristics of the system
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Figure 9. Bar plots of a) compression set, b) change in tensile strength, c) heat aging change in elongation at break, and
d) strain sweep storage modulus plot e) strain sweep loss modulus plot f) tanδ from DMA.



in which the article functions. In this research, sam-
ples are examined for their tensile qualities and their
strain sweep behavior under the dynamic circum-
stances specified in the characterization section.
Then, they were aged at 100 °C for 72 hours, and
their tensile characteristics and strain sweep behav-
ior were examined again to determine the impact of
aging on the crosslinked network. Figures 9b and 9c
represents the variation of properties in tensile char-
acteristics after heat aging, both series follow the
same pattern, and the sulfur vulcanizates tensile prop-
erties degrade more, and the peroxide sample tensile
properties increase little, as anticipated and de-
scribed in the literature. In addition, when compared
to sulfur vulcanizates, hybrid systems exhibit supe-
rior performance and 50% less degradation. This
again confirms the presence of both carbon linkages
and sulfur linkages in hybrid systems. Figure 9d–9f
depicts the results of DMA strain sweep measure-
ments. Three samples from the HM series are inves-
tigated in this study, and the findings indicate that
sample SHM-1 exhibits a reduction in the Payne ef-
fect, which is connected with the rearrangement of
polysulfide links to monosulfide linkages. However,
the hybrid system (HHM-1) shows similarity to the
peroxide system (PHM-1), which exhibits an in-
crease in the Payne effect upon aging. As all samples
have a comparable filler component, the variance in
the Payne effect is mostly attributable to network
structure and type.

4. Conclusions
The physio-mechanical characteristics of two grades
of EPDM elastomers vulcanized using a sulfur cure
system, a peroxide cure system, and two hybrid sys-
tems were evaluated. Responses from samples were
correlated with the crosslink network in the samples,
and the influence of the molecular structure of EPDM
in various curing systems was apparent. Tempera-
ture-scanning stress relaxation is utilized as the pri-
mary instrument to comprehend the network struc-
ture of both elastomer grades. In the TSSR relaxation
spectrum, it has been shown that sulfur, peroxide,
and hybrid cures produce distinct kinds of networks.
In essence, a hybrid cure shows the co-existence of
both the carbon linkages and sulfur linkages. Simi-
larly, the crosslink density values of samples from
swelling studies validate the TSSR findings. In ad-
dition, it was intriguing to discover that, regardless

of the base elastomer grade, the trend of crosslink
density values and the network type were identical,
although the TSSR measurement and swelling stud-
ies in both grades exhibited distinct absolute values.
The physical behavior of the samples in tensile mode
and compression mode also validates the results of
TSSR. The hybrid samples, in which multiple kinds
of crosslinks coexist, overcome the deficiencies of
each system and exhibit better behavior in terms of
overall qualities. A heat aging test was conducted to
confirm the thermal stability of the formed crosslink-
ing bonds and determine the application potential of
the hybrid system. All samples performed as expect-
ed in the heat aging test based on their constituent
crosslink bonds, with the hybrid positioned between
the best-performing peroxide-based samples and the
worst-performing sulfur-based samples. Overall, the
study demonstrates the utility and application poten-
tial of a hybrid system with the help of findings
about various types of crosslink networks, the co-ex-
istence of dual networks, and their stable behavior
regardless of the molecular structure of EPDM. In
addition, it illuminates the newly developed high-
molecular-weight EPDM grade and its exceptional
performance characteristics.
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1. Introduction
Polylactide (PLA) is an aliphatic polyester derived
from renewable resources. It has been intensively ex-
plored because it is non-toxic to the human body,
friendly to the environment, and compostable [1].
Polylactide can occur in the form of two stereoiso-
mers, designated as L and D, but is usually a mixture
of them. When the content of the minor enantiomer
does not exceed a few percent, the polymer is capable
of crystallization. Usually, it does not occur directly
during cooling from the melt but during increasing the
temperature in the solid state, as the so-called cold
crystallization [2, 3]. Polylactide is brittle under typi-
cal exploitation conditions, i.e., below a glass transi-
tion at 56–58°C. However, at temperatures above
60°C, it is possible to obtain large deformations.

One of the possible ways to improve the unsatisfac-
tory properties of biopolymer is to make a compos-
ite. The effective fillers are multi-walled carbon nan-
otubes (MWCNT). The properties of PLA/MWCNT
composites were studied by many authors [4, 5]. The
research focused mainly on two issues: thermal
properties, including crystallization, and mechanical
properties.
Many studies have focused on the crystallization of
composites [6–13]. Some of them are concerned
with non-isothermal crystallization. The tested com-
posites were able to crystallize when cooled, which
resulted in cold crystallization observed in PLA but
not in PLA/MWCNT [6]. Different were the obser-
vations by Park et al. [9], where only a decrease in the
cold crystallization temperature (Tcc) and an increase
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in the melt crystallization temperature were observed
as a result of increasing carbon nanotubes (CNTs)
content in the composite. Rizvi et al. [10] noted that
a decrease in Tcc is observed for CNTs concentration
below 2 wt% because highly concentrated MWCNTs
inhibit the growth of PLA crystals and increase this
temperature. Similar to changes in Tcc, the melting
temperature of the composites changed. The glass
transition temperature (Tg) usually was constant, al-
though Wu and Liao [11] noticed an increase in Tg
with the addition of CNTs.
According to Wu et al. [13], the presence of nano -
tubes has a nucleating effect on both the melt crys-
tallization and the cold crystallization of PLA. How-
ever, the nanotubes also act as a physical barrier,
hindering crystal growth [12]. As a result, the pres-
ence of nanotubes accelerated the melt crystalliza-
tion while retarded the overall kinetics of the cold
crystallization. The heat of melting of PLA in the
composite regularly decreased with the CNTs con-
tent [11].
Xu et al. [7] noticed for MWCNTs with a modified
surface that, if they have a smaller aspect ratio, the
nucleation rate of PLA spherulites increases. It was
attributed to fewer sidewall carboxyl groups on the
surfaces of MWCNTs with smaller aspect ratios,
which provides more nucleation sites for PLA crys-
tallization. The increase in PLA crystallinity after
modification of MWCNTs compared with the com-
posite of unmodified MWCNTs and the double melt-
ing behavior for nanocomposites, while the pure
PLA showed a single melting character, were the
main observations of  Mina et al. [8].
Isothermal crystallization studies showed that the in-
sertion of CNT effectively increased the crystalliza-
tion rate of PLA [9]. Also, for carboxyl-functional-
ized MWCNTs composite, the effect of nanotubes
on the isothermal cold crystallization of PLA was
observed [12].
The mechanical properties of PLA/MWCNT com-
posites are essential for practical applications; there-
fore, they have been studied by several teams. Some
of them observed an increase in tensile strength with
an increase in the content of nanotubes [14], but
other authors did not find such dependence [15]. It
was also found that the flexural strength of the com-
posite increased with MWCNTs content [14]. The
mechanical properties of composites depended on
the shape of the filler. Composites with a higher as-
pect ratio were characterized by a higher modulus

and higher tensile strength, which was related to the
better dispersion of CNTs [16].
Studies of the properties of composites with chemi-
cally modified CNTs lead to the general conclusion
that the modification of mechanical properties is
most effective when the chemical treatment of CNTs
improves their dispersion [11, 17–19]. It was found
that the tensile strength of PLA/CNT composite was
enhanced when a small number of modified MWC-
NTs was added to PLA [8, 9]. The observations of
changes in the modulus of elasticity were contradic-
tory. Ramontja et al. [17] noted that Young’s modu-
lus of the composite is lower than that of pure PLA,
but Chiu et al. [20], Park et al. [9], and Mina et al.
[8] reported the opposite tendency.
In all of the above studies, the mechanical properties
were determined at 20–25°C, which meant that PLA
was rigid even after CNTs were applied, so only
minimal tensile deformation of the composite was
possible.
Since the properties of PLA composites depend on
the dispersion of CNTs, it was investigated how the
dispersion depends on extrusion parameters [21]. In
processing, it is recommended to use masterbatches.
The MWCNTs dispersion within the diluted compos-
ites was predominated by the filler dispersion in the
masterbatches. The high rotational speed – in com-
bination with a screw profile containing mainly mix-
ing elements – was found to be very suitable for the
dispersion and distribution of MWCNTs. The tem-
perature profile applied showed less influence.
The polymers that make the composites have entan-
gled macromolecules in the amorphous phase [22].
These macromolecular entanglements significantly
affect the behavior of not only the deformed polymer
but also its composite. It is assumed that in a typi-
cally synthesized polymer, macromolecular entan-
glements are at an equilibrium level characteristic of
each polymer [23, 24]. The entanglement density of
macromolecules is characterized by giving the aver-
age molecular mass between the entanglements. Val-
ues in the range of 4000–10 500 g/mol are given in
the literature for polylactide [24, 25].
It is possible to reduce the density of entanglements,
and appropriate methods have been developed [25].
The reduction of entanglements can be achieved by
polymerization occurring together with crystallization.
For commercially available polymers, entangle-
ments can be reduced by dissolution. The more the
polymer solution is diluted, the less contact there is
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between macromolecules and their entanglement. A
certain difficulty is to maintain limited entangle-
ments when converting the polymer from solution
to solid state. This is often achieved by freezing the
solution and sublimating the solvent or precipitating
it with a non-solvent. The ability of the polymer to
crystallize when the solution is cooled may also be
useful in maintaining disentanglement.
Disentangling polymers in solution is well suited for
scientific purposes. However, in industrial applica-
tions where the environmental aspect must be taken
into account, it would be better to achieve the disen-
tanglement of macromolecules in a different way.
Recently, attempts have been made to disentangle
macromolecular chains using large-amplitude oscil-
latory shear flow [26]. It should be noted that a fully
disentangled polymer is not of interest as a material
because the entanglements ensure the continuity of
the amorphous phase during deformation. At the
same time, the partial reduction of the entanglement
density is interesting because, as has been shown for
many polymers, it significantly affects their proper-
ties [27, 28].
Attempts were made to partially disentangle poly-
lactide macromolecules, similarly to a number of
other polymers [24, 29–31]. The rheological exper-
iments showed that polylactide obtained from
0.1 wt% methylene chloride solution has only 20%
of the original entanglements. The crystallization
studies under isothermal conditions have shown that
crystal growth can be 10% faster in partially disen-
tangled PLA. Shifts in temperatures defining crys-
tallization regimes were also observed [31]. The role
of chain entanglements in the crystallization of stere-
ocomplex of partially disentangled PLA enantiomers
was studied by Sun et al. [32]. It was observed that
disentangling promoted not only a higher crystalliza-
tion rate but also higher crystallinity of the complex
in both the non-isothermal and isothermal condi-
tions. The less-entangled samples crystallized exclu-
sively as the highly crystalline stereocomplexes, in
contrast to the predominant homo crystallization that
occurred in the common entangled samples.
The tensile test of mechanical properties showed that
plastic deformation is easier in the partially disentan-
gled polymer. This was particularly evident as a de-
crease in strain hardening rate because, during the
final strain phase the deformation is mostly controlled
by entanglements in the amorphous phase [33].

Although there are already many reports on the prop-
erties of partially disentangled polymers, there are
almost no such studies in the case of polymer com-
posites. An exception is a recently published article
by Barangizi and Pawlak [34] discussing the crys-
tallization of polypropylene in a composite with
1 wt% dispersed nano Al2O3. It was found that iso -
thermal and non-isothermal crystallization occurs
faster or at a higher temperature, respectively, if the
composite has fewer macromolecular entanglements.
This was evident during the measurements of the
spherulite growth rate as well as the rate of melt-
crystal conversion. However, the crystallization in
the nanocomposite was slower than in the homo -
polymer because the dispersed nanoparticles hin-
dered the movement of macromolecules to the grow-
ing crystals.
Luo  et al. [35] studied the recovery of entangle-
ments in polypropylene with graphene nanoplates
and noticed that the presence of graphene increases
the rate of crystallization. Drakopoulos et al. [36] pre-
pared from a solution a composite of gold nanopar-
ticles dispersed in partially disentangled ultra-high
molecular weight polyethylene (UHMWPE). The
composite was then calendered and stretched to draw
ratios ranging from 2–200. Thus, the processability
of UHMWPE was shown. As a result of the defor-
mation, an increase in UHMWPE crystallinity by
15% was found at high drawing ratios. It was also
observed that the average size of the gold aggregates
increased with the orientation of the composite.
Studies of polyethylene with polyhedral oligomeric
silsesquioxanes [37, 38] lead to the conclusion that
sufficiently small nanoparticles (e.g., 1.5 nm, small-
er than the tube size of polyethylene (PE), equal to
3.6 nm) can result in higher free volume in the melt,
less chain entanglement, and thus a lower complex
viscosity of polymer matrix. The distribution of TiO2
nanoparticles in waterborne acrylic copolymer coat-
ings caused a chain disentanglement and an order of
magnitude decrease of Tg [39].
As can be seen from the above review of the litera-
ture, there are no reports that would allow a complete
assessment of how the reduced density of macromol-
ecular entanglement affects the formation and prop-
erties of composites. Particularly interesting are com-
posites with fillers having a high aspect ratio, well
dispersing in the polymer matrix, and characterized
by sufficient adhesion to the matrix polymer. To carry
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out the relevant research on composite with partially
disentangled macromolecules, we chose PLA/
MWCNT composite, focusing on its most important
properties, i.e. thermal and mechanical.

2. Experimental
2.1. Materials
Poly(L-lactide) NW 4032D by Nature Works was
used in the research. It contained only 1.15% of
D-lactide, so it was able to crystallize. Molecular
weight measurements by gel permeation chromatog-
raphy with multi-angle laser light scattering detection
(GPC–MALLS) gave the following values: number
average molecular weight, Mn = 72000 g/mol, mass
average molecular weight, Mw = 88000 g/mol. Thin
multi-walled carbon nanotubes were produced by
Nanocyl S.A. (Belgium) using a catalytic chemical
vapor deposition (CCVD) process. According to the
manufacturer’s data, NC 7000 nanotubes have an av-
erage diameter of 9.5 nm, length of 1.5 µm, and sur-
face area of 250–300 m2/g.

2.2. Methods
The partial disentangling of PLA was done in solu-
tion using a procedure similar to that proposed by Liu
et al. [30]. PLA – after drying for 4 hours at 70°C –
was dissolved in methylene chloride at a concentra-
tion of 0.5% by weight. Mixing of the polymer and
solvent was carried out in a glass flask with a me-
chanical stirrer for 40 min at 25 °C. The homoge-
neous solution was slowly poured into a large volume
of liquid nitrogen. In the next step, ethanol was added
to the frozen solution in a volume five times the vol-
ume of the solution. This resulted in the precipitation
of polylactide as a white powder. Finally, residual
methylene chloride and ethanol were removed by
drying for about 8 hours under a vacuum at room
temperature. Previously performed rheological stud-
ies showed that by using this procedure, the molecu-
lar mass between entanglements increased from
10500 g/mol for the original PLA to 32800 g/mol for
the solution-treated PLA. This means three times
fewer entanglements in the polymer.
Both fully entangled and partially disentangled PLA
was used to prepare composites with MWCNTs. The
composites were produced using EHP-5CS mini ex-
truder (Zamak-Mercator, Krakow, Poland). The plas-
ticizing system of this extruder was composed of two
screws with a variable profile and a return channel
with a valve, enabling multiple passages of the mate-

rial through the extruder. The components were mixed
for 10 min at a temperature of 180°C with screw ro-
tation of 60 rpm. The composites of entangled or
partially disentangled PLA, including 0.1 or 1.0 wt%
of MWCNTs, were prepared. It is assumed that to
obtain the desired properties of nanocomposites, the
content of 1 wt% of the filler should be sufficient.
On the other hand, it was difficult to predict whether
effects related to the disentanglement of the compos-
ite matrix would be visible at a very low content of
CNTs. Therefore, the contents of 0.1 and 1.0 wt%
CNTs were selected for the study. We did not modify
the surface of the filler. Although it could improve
the dispersion of nanotubes, it would make it diffi-
cult to interpret the impact of reducing macromole-
cular entanglements on the morphology of the
nanocomposite and its properties. Therefore, the
modification of the filler-polymer interactions was
abandoned, but we paid attention to whether a satis-
factory dispersion of the filler was achieved in the
mixing process.
The morphologies of the composites were observed
with a polarized light microscope Nikon Eclipse 80i
(Nikon Corp., Japan). The aim of the research was
to analyze the filler dispersion. The samples for ob-
servation were prepared on a Linkam TAHMS 600
(Linkam Sci., Salfords, United Kingdom) hot stage.
A small piece of the composite was placed between
two thin microscopic glasses. Then, such a sandwich
was put on the plate of the hot stage, melted for
1 min at 220 °C, and gently compressed into a layer
with a thickness of 12–14 µm. The molten film was
quickly cooled to room temperature, thereby limiting
crystallization and making it transparent for obser-
vation. The samples prepared in this way were ob-
served in the microscope in the light transmission
mode. Fragments of samples with typical dispersion
of filler were photographed. Each of the five photo-
graphs taken for each material covered an area of
0.6×0.9 mm. From these photographs, histograms
that show the frequency of occurrence of agglomer-
ates of a certain size in each composite were deter-
mined. Observations of the morphology of the com-
posites at higher magnification were carried out
using a scanning electron microscope (SEM) Jeol
JSM 6010LA (JEOL Ltd., Japan). The samples for
observation were first broken in liquid nitrogen, and
then the exposed surfaces were sputtered with gold.
DSC Q 20 (TA Instruments, New Castle, USA) ap-
paratus was used to conduct thermal tests on samples
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having a weight 7–8 mg. For the non-isothermal test,
the sample was heated to 220 °C at a rate of
10 °C/min, cooled to 25°C at the same rate, and then
heated to 220°C. In isothermal tests, the sample was
heated to 220 °C, kept there for 3 min, and then
cooled down at the rate of 10°C/min to the final tem-
perature of 120 or 125 °C. While maintaining this
temperature, changes in heat flow were observed.
The experiment was stopped when heat changes be-
came invisible.
The thermogravimetric analyzer TGA 5500 (TA In-
struments, New Castle, USA) was used to assess the
thermal stability of the tested materials. Examined
samples were heated at a rate of 10 °C/min under ni-
trogen flow from 20 to 600 °C, and weight changes
were measured.
The samples for the mechanical test were prepared
by hot pressing pieces of composites or polylactides
at 180 °C for 6–8 min. Plates with a thickness of
1 mm were obtained, from which samples were cut.
The specimens had a gauge length of 25 mm, a width
of 10 mm, and a thickness of 1 mm. Five samples of
each material were prepared for testing. The samples
were tested in a tensile mode using the Instron 5582
(Instron, Norwood, USA) universal machine. The
experiments were carried out in an environmental
chamber, which enabled the tests to be conducted at
temperatures of 20–70 °C. The stretching rate was
10%/min. Changes in the shape of the samples dur-
ing deformation were recorded by photographs.
Markers were drawn on the surface of the samples,
which helped to determine local changes in dimen-
sions. By measuring the sizes for a selected small
volume between the markers, the volume strain ∆V
as a function of the strain was calculated. The vol-
ume strain is defined as (Equation (1)):

(1)

where V0 is the initial volume of the analyzed frag-
ment of the sample, and V is the actual volume of
this fragment. The large value of ∆V is attributed to
the occurrence of cavitation phenomena [40]. Mi-
crometer-size cavities (voids) appear in the amor-
phous phase of the polymer. The intensity of the phe-
nomenon decreases with temperature when the
possibility of stress relaxation in the amorphous
phase of the polymer increases. The tensile experi-
ment was limited to the engineering strain of 400–
500% due to the size of the environmental chamber.

Most of the samples tested at 70 °C did not break at
these strains.
X-ray scattering, resulting from structural changes
in deformed samples, was investigated in the small
angle X-ray scattering (SAXS) experiment. The
GeniX Xenocs (Xenocs, Grenoble, France) X-ray
source operating at 50 kV and 1 mA was combined
with a Kiessig-type SAXS camera of 1.2 m in length.
The scattered radiation was recorded using a Pilatus
100 K detector. The investigated samples had similar
thicknesses.
The formation of the crystalline phase due to the de-
formation of the stretched material was investigated
by recording 2-dimensional wide-angle X-ray scat-
tering (WAXS) patterns. The radiation source was a
CuKα lamp (sealed tube operating at 30 kV and
50 mA, by Philips). The deformed sample from the
mechanical test was placed in the path of the X-ray
beam at a distance of 39 mm from the Pilatus 100K
detector, which recorded the scattering image.
The dynamic mechanical analyzer DMA Q800 (TA
Instruments, New Castle, USA) was used to deter-
mine how the storage and loss moduli of the PLA
sample change with temperature. The test specimens
in the shape of strips had the following dimensions:
length 10 mm, width 6 mm, and thickness 0.25 mm.
The experiments were performed in the film tension
mode. Measurements were carried out in the temper-
ature range of 10–160°C, at a frequency of 1 Hz and
a scanning rate of 3 °C/min. The choice of the max-
imum temperature resulted from the expected melt-
ing of the samples above it.
Abbreviations of material names used in the text are
presented in Table 1.

3. Results and discussion
3.1. Morphologies of composites
Before carrying out the thermal and mechanical tests,
the dispersion of nanotubes in the polymer matrix
was evaluated. It is almost impossible to avoid the
presence of individual large agglomerates of filler in
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Table 1. Abbreviations of material names used in the text.

Material PLA matrix MWCNT contents
[wt%]

PLAi Initial PLA, fully en-
tangled macromole-
cules

0.0
PLAi 0.1 0.1
PLAi 1.0 1.0
PLAd Solution treated, par-

tially disentangled
macromolecules

0.0
PLAd 0.1 0.1
PLAd 1.0 1.0



composite, which become visible when analyzing a
representative volume of the examined sample. Such
information is provided by light microscopy in the
transmission mode through a thin layer of the com-
posite. Figure 1 shows typical photographs of the
tested composites. Dark inclusions are agglomerates
of carbon nanotubes. As expected, agglomerates of
micrometer sizes were present in limited numbers,
depending on the concentration of filler and type of
matrix.
The largest agglomerates were visible in the photo-
graphs of the PLAi 1.0 composite, the smallest in the
case of the PLAd 0.1 composite. Intermediate, sim-
ilar sizes of inclusions were visible for PLAi 0.1 and
PLAd 1.0 composites. The agglomerates visible in
the pictures have been measured, and histograms
have been prepared to show the frequency of occur-
rence of agglomerates of certain sizes. These his-
tograms are shown in Figure 2. They cover the size
range from 3 to 150 µm. The histograms confirm the
observations that the reduction of macromolecular

entanglements has a positive effect on the distribu-
tion of carbon nanotubes inside the polymer. For ex-
ample, in the PLAd 0.1 composite, almost 70% of
the agglomerates had a size below 10 µm, while in
the entangled PLAi 0.1 composite, the largest num-
ber of inclusions were 10–20 µm in size, and the size
distribution was also much wider. An increase in
filler content from 0.1 to 1.0 wt% increases the ten-
dency to agglomerate. The number of large agglom-
erates with sizes above 50 µm is increasing. How-
ever, when comparing the PLAi 1.0 and PLAd 1.0
composites, it is clear that also, with higher nanotube
contents, the reduction of macromolecular entangle-
ments has a positive effect on their dispersion. Only
single agglomerates larger than 50 µm were visible
in the images for PLAd 1.0. It should be remembered
that light microscopy images do not show inclusions
below 3 micrometers, while SEM images (discussed
later) showing such inclusions cover very small areas
of samples and are of little use for calculating the
proportion of inclusions of various sizes.

H. Barangizi et al. – Express Polymer Letters VVol.17, No.7 (2023) 738–758

743

Figure 1. Morphologies of thin films of composites: a) PLAi 0.1, b) PLAi 1.0, c) PLAd 0.1, d) PLAd 1.0.



It can be assumed that most of the MWCNTs used
are finely dispersed and invisible in microscopic im-
ages. Although it is difficult to measure the contri-
bution of the smallest particles to the total filler con-
tent, it can be roughly estimated from microscopic
photographs. The ratio of the volume occupied by
visible MWCNTs agglomerates, VCNT, to the volume
of the PLA, VPLA, determined from photographs
was: 0.78% for PLAi 0.1, 5.90% for PLAi 1.0,
0.38% for PLAd 0.1 and 1.84% for PLAd 1.0, re-
spectively (see Table 2).
The ratio of the mass of visible MWCNTs, mCNT, to
the mass of PLA, mPLA, may be calculated from the
Equation (2):

(2)

where ρCNT is the density of MWCNTs filler, and
ρPLA is the density of PLA. According to the manu-
facturers, the bulk density of MWCNTs is equal to
0.075 g/cm3, and the density of PLA is equal to
1.24 g/cm3. During melt processing, mobile macro-
molecules penetrate the free space between the
nanoparticles, applying moderate pressure on the
nanotube assemblies. If we assume that there was
no significant compression of nanotubes, the density
of MWCNTs inside the polymer should be close to
the bulk density of MWCNTs. According to this
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Figure 2. Histograms showing the frequency of occurrence of CNT agglomerates of various diameters: a) PLAi 0.1,
b) PLAi 1.0, c) PLAd 0.1, d) PLAd 1.0.

Table 2. Volume (VCNT/VPLA) and mass (mCNT/mPLA) ratios of MWCNTs and PLA determined by optical microscopy (OM)
and calculated fractions of MWCNTs invisible in the microscope.

Composite VCNT/VPLA
[%]

mCNT/mPLA
[%]

Mass content of CNTs  inserted into
composite

[%]

Mass content of nanoparticles not
visible by OM

[%]
PLAi 0.1 0.78 0.05 0.1 50
PLAi 1.0 5.90 0.35 1.0 65
PLAd 0.1 0.38 0.02 0.1 80
PLAd 1.0 1.84 0.11 1.0 89



assumption, it can be calculated from Equation (2)
that the mCNT/mPLA ratios in examined composites
were 0.05% for PLAi 0.1, 0.35% for PLAi 1.0, 0.02%
for PLAd 0.1 and 0.11% for PLAd 1.0. Comparison
of these values with the fact that the total content of
MWCNTs in the composites was 0.1 or 1.0% means
that most of the MWCNTs were dispersed to such an
extent that they were not visible in the light micro-
scope. The last column in Table 2 shows what per-
centage of the nanofiller was below 3 µm. For all
composites, at least 50% of the nanotubes were dis-
persed at the nano level, i.e., good dispersion was ob-
tained. Comparing the composites with the same filler
content but with less or more entangled macromole-
cules, it can be seen that better dispersion of the filler
occurs in the partially disentangled PLA composite.
The morphologies of the composites at higher mag-
nifications, available in scanning electron microscopy,
were also observed. The photographs in Figure 3.
show that more agglomerates were present in com-
posites with entangled macromolecules, especially

when the filler content increased from 0.1 to 1 wt%.
For example, single agglomerates with a diameter of
3–5 µm are visible in Figure 3b, while in the PLAd
matrix (Figure 3d), the size of the agglomerates does
not exceed 2 µm. When only 0.1 wt% of MWCNTs
was introduced into the matrix, smaller agglomerates
can be seen in the photographs (Figure 3a), and in
the PLAd 0.1 composite, they are even poorly visi-
ble (Figure 3c). As can be seen from the calculations
in Table 2 and from the SEM observations, although
there are agglomerates in the composites, most of
the CNTs are dispersed at the nanometer level.

3.2. Non-isothermal crystallization
Non-isothermal crystallization was investigated by
DSC. The typical heating-cooling-heating protocol
was used. In the case of limiting the entanglement of
macromolecules, a possible change in the value of
the glass transition temperature (Tg) could be expect-
ed. In the published studies of PLA-MWCNTs com-
posites, there were conflicting reports about the
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Figure 3. Morphology of the internal surface of composite: a) PLAi 0.1, b) PLAi 1.0, c) PLAd 0.1, d) PLAd 1.0.



change or no change in the glass transition in the
presence of filler [10, 11]. Therefore, when analyzing
the results of DSC, we first focused on the glass tran-
sition temperature. The results of Tg measurements
are presented in Table 3. The determined glass tran-
sition temperatures depended somewhat on the
phase of the temperature cycle in which they were
measured. However, changes in Tg related to the dis-
entangling of macromolecules or the presence of
nanotubes were not systematic and were within the
range of accuracy of temperature determination.
Table 4 presents the thermal transitions that were ob-
served in non-isothermal DSC studies above the
glass transition. When calculating the degree of crys-
tallinity, it was taken into account that the heat of
melting of 100% crystalline PLA is 93 J/g [41, 42]
and that the mass fraction of PLA in the composites
is less than 100%. The first heating reflects the state
of the material created during its preparation. When
the temperature of the sample increased to 98.4–
105.1°C, depending on the material, cold crystalliza-
tion, i.e., solid-state crystallization, was observed.
Changes in the cold crystallization temperature (max-
imum of peak) were not large and it was difficult to

see regularity related to the composition of the sam-
ple or degree of entanglement of macromolecules.
The measured heat of cold crystallization was high,
and the calculated increase in crystallinity was
32–44%. Considering that for PLA, it is difficult to
achieve crystallinity above 40% [43], this means that
before the measurements, the tested composites had
a low content of the crystalline phase. The crys-
tallinity obtained by cold crystallization (Xcc) was
lower for PLAd than for PLAi and regularly de-
creased with the content of nanotubes in the com-
posite. The difference between the polylactides is
probably due to the different polymer preparation
procedures and the smaller amount of nuclei present
in PLAd. On the other hand, the reduction of cold
crystallization with the increase in the content of
MWCNTs indicates their barrier role for this type of
crystallization.
In all tested samples, with the exception of PLAd, a
slight exothermic transformation was visible at 155–
156°C with the heat of 0.2–1.5 J/g. This transforma-
tion, just prior to the melting of the material, is at-
tributed to the transformation of the α′ crystalline
phase in PLA into the more stable α phase [44].
The melting process observed during the first heating
reached its maximum at the temperature of 166.9–
169.4°C without a regular dependence on the com-
position of samples. The total crystallinity (Xm) de-
termined from the heat of melting showed a similar
tendency as the crystallinity of cold crystallization.
It was higher for PLAi than for PLAd and regularly
decreased with the addition of nanotubes. The differ-
ence between the Xm and Xcc values, characterizing
the initial crystallinity and amounting to 1.3–5.7%,
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Table 3. Glass transition temperatures measured in DSC
non-isothermal experiment.

Sample I. Heating
[°C]

Cooling
[°C]

II. Heating
[°C]

PLAi 57.4 58.9 60.7
PLAi 0.1 54.6 59.5 62.1
PLAi 1.0 55.3 58.2 62.4
PLAd 57.1 58.8 62.1
PLAd 0.1 55.6 60.8 61.6
PLAd 1.0 56.6 61.0 62.2

Table 4. The results of non-isothermal crystallization experiment.

Tcc – cold crystallization temperature,
Tm  – melting temperature,
Tc   – crystallization temperature,
Xcc  – crystallinity calculated from the heat of cold crystallization,
Xm – total crystallinity determined from the heat of  melting,
Xc  – crystallinity calculated from the heat of crystallization on cooling.

Sample I. Heating Cooling II. Heating
Tcc

[°C]
Xcc
[%]

Tm
[°C]

Xm
[%]

Tc
[°C]

Xc
[%]

Tcc
[°C]

Xcc
[%]

Tm
[°C]

Xm
[%]

PLAi 99.5 43.5 166.9 48.3 93.1 5.9 100.4 34.7 166.8 45.8
PLAi 0.1 105.1 39.4 169.5 40.7 89.6 3.1 102.4 33.1 168.2 40.2
PLAi 1.0 102.2 34.6 168.9 40.3 89.4 4.7 99.1 28.3 168.3 38.2
PLAd 105.3 40.2 169.4 42.0 94.1 0.7 125.1 37.5 168.8 42.5
PLAd 0.1 100.3 36.1 168.4 40.4 98.5 23.1 96.6 9.8 167.9 40.5
PLAd 1.0 98.4 31.7 168.9 36.1 100.5 27.6 105.7 3.8 168.5 38.7



confirmed that the crystallinity of the samples before
the DSC tests was low.
The interesting effects were observed when cooling
the melt, during which crystallization of polylactide
happened. Crystallization of PLAi and PLAi 0.1,
PLAi 1.0 composites started at temperatures of
111–113 °C. The temperature of the beginning of
crystallization in PLAd was similar, although it was
difficult to determine it precisely due to the weak-
ness of the effect. The temperatures of the beginning
of crystallization in the PLAd 0.1 and PLAd 1.0
composites were much higher, at 122.4 and 121.1°C,
respectively. The maximum (peak) crystallization
temperature was similar for both homopolymers, one
degree higher for PLAd. However, as the filler con-
tent increased, the temperature representing the max-
imum changed differently for the entangled and dis-
entangled PLA matrix composites. In the fully entan-
gled PLAi composites, the maximum crystallization
was shifted to lower temperatures after the addition
of carbon nanotubes. It can be assumed that the pres-
ence of nanotubes limits the movement of macro-
molecules to growing crystals, not compensated by
additional nucleation on MWCNTs. The crystallinity
in PLAi and its composites is low (3–6%), and it de-
creases in the composite, which supports the as-
sumption that nanotubes are more crystallization ob-
stacles than promoters as crystallization nuclei.
Crystallization in PLAd composites proceeded dif-
ferently. The PLAd homopolymer obtained very low
crystallinity on cooling, but the PLAd 0.1 and
PLAd 1.0 composites crystallized easily. After adding
MWCNTs to PLAd, the maximum crystallization
temperature (from 94.1 to 100.5 °C) and the degree
of crystallinity (from 0.7 to 27.6%) significantly in-
creased. Better dispersion of the filler in PLAd com-
posites than in PLAi composites meant that a larger
fraction of nanoparticles present in the polymer
could cause nucleation of crystallization. With the
greater mobility of the less entangled macromole-
cules, the combined effect of enhanced nucleation
and easier transport outweighed the fact that the nan-
otubes were obstacles to the movement of macro-
molecules to crystallization sites. As a result, a sig-
nificant increase in the degree of crystallinity was
observed during the cooling of composites with dis-
entangled macromolecules.
The behavior of materials observed during the sec-
ond heating depended on the previous crystallization
during cooling. The well-crystallizing PLAd 0.1 and

PLAd 1.0 composites showed limited cold crystal-
lization. PLAi, PLAd, PLAi 0.1, and PLAi 1.0, which
crystallized poorly on cooling, showed effective cold
crystallization. For PLAi composites, a certain reduc-
tion in the degree of crystallinity was visible with an
increase in the CNT content. PLAi and PLAi com-
posites began to cold crystallize at 81–83°C, similarly
to PLAd 0.1 (81.1°C), while the cold crystallization
in PLAd 1.0 started at  88.0°C. The maximum of the
cold crystallization peak was observed at the temper-
ature of 96.6–105.7°C. Considerably delayed, prob-
ably due to the limited number of nuclei, was the
crystallization in PLAd. Its beginning was at 93.5°C,
maximum at 125°C, and the crystallization peak
smoothly turned into a melting peak.
During the second heating, in most materials, with
the exception of PLAd and PLAd 1.0, there was a
slight α′-α transition peak, visible at 153.5–154.6°C,
with the heat of transition of 1.1–3.1 J/g. At temper-
atures above 154°C, the melting process began to be
visible. The melting temperatures during the second
heating were similar for all studied materials (166.8–
168.8°C). The total crystallinity of PLAi and PLAd
composites was in the range of 38.7–45.8% and
slightly decreased with the increase in the content of
nanotubes. The measured total crystallinity resulted
from previous normal and cold crystallization.

3.3. Isothermal crystallization
The crystallization properties of polymers and com-
posites were also examined in isothermal conditions.
Based on the results in non-isothermal conditions,
knowing the temperatures of the beginning of crys-
tallization during cooling, two temperatures were se-
lected for isothermal tests: 120 and 125°C. The time
dependencies of the heat flow are shown in Figure 4,
and the characteristic times of crystallization are
shown in Table 5. In all examined materials, crystal-
lization at 120 °C proceeded faster than at 125 °C.
The dynamics of isothermal crystallization depend
on two factors: nucleation and rate of crystal growth.
We previously determined the lamella growth rate for
this polymer, which was 2.15 µm/min at 120°C and
2.25 µm/min at 125°C for PLAi and 2.25 µm/min at
120 °C and 2.35 µm/min at 125 °C for PLAd [31].
Nucleation was not determined in these studies, but
it is usually more intense in semi-crystalline poly-
mers at lower crystallization temperatures. As a result
of the interaction of both factors, it takes much
longer to crystallize at 125 °C.
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Comparing both homopolymers, i.e. PLAi and
PLAd, the second one needed more time to crystal-
lize. As discussed during the non-isothermal crystal-
lization, some nuclei were removed from the PLAd
during solvent treatment. The greater difference in
crystallization time of both homopolymers observed
at 125°C, when the activity of the present nuclei de-
creases, confirms that there were fewer nuclei in
PLAd. The slightly faster crystal growth rate in PLAd
did not compensate for the lower nucleation.
For composites, the addition of nanotubes shortened
the crystallization time. However, significantly more
MWCNTs particles in 1.0 wt% of composites give
only a slight shortening of crystallization compared

to 0.1 wt% composites. Increasing the content of
nanotubes provides additional nuclei, but only some
of the nanotubes nucleate polylactide. On the other
hand, almost all nanoparticles are an obstacle to the
movement and crystallization of polymer chains and
there are definitely more of them in the composite
with 1.0 wt% MWCNTs by weight. Therefore, the
crystallization time is only slightly shortened with
the increase in the content of nanotubes.
Table 5 also shows that the crystallization process
was faster in composites with partially disentangled
chains than in their fully entangled counterparts. Bet-
ter dispersion of MWCNTs, providing more active
nuclei, and greater mobility of macromolecules are
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Figure 4. Changes of heat flow with time recorded during isothermal crystallization at 120 °C (a) and 125°C (b).

Table 5. Times characterizing isothermal crystallization at 120 and 125 °C and heat of crystallization.

tmin  – start time of  crystallization,
tmax  – time when the maximum heat flow was observed,
tend   – end time of crystallization.

Material T = 120°C T = 125°C
tmin

[min]
tmax

[min]
tend

[min]
Heat
[J/g]

tmin
[min]

tmax
[min]

tend
[min]

Heat
[J/g]

PLAi 1.0 7.9 19.0 38 1.0 10.0 21.9 43
PLAi 0.1 0.7 5.0 15.9 40 0.3 8.1 20.0 43
PLAi 1.0 0.7 4.7 13.5 37 0.5 7.5 18.3 42
PLAd 1.3 9.2 21.0 40 1.6 24.0 39.0 43
PLAd 0.1 0.3 2.0 9.7 37 0.3 4.1 16.3 40
PLAd 1.0 0.0 1.6 8.5 37 0.3 3.0 14.5 41



the reasons for this faster crystallization, although
improved dispersion also means more obstacles
from nanotubes in the path of macromolecules.
The heat of crystallization for each material was high-
er at a temperature of 125°C than at 120°C because
the total time of process was longer, and some anneal-
ing just formed crystals increased the total crystallini-
ty. The heats of crystallization of composites were
slightly lower than for homopolymers; however, the
observed changes were not regular.

3.4. Thermogravimetry
In order to determine whether a less entangled matrix
or the presence of nanotubes affects the thermal sta-
bility of the tested materials, thermogravimetric meas-
urements were performed. The change in the mass of
the tested sample as a function of temperature and the
derivative of the change in this mass are shown in
Figure 5. Thermal degradation of all samples occurred
in the same temperature range of 270–400°C. The dy-
namics of the process were very similar for both
PLAs and their composites. The temperature at which
the mass of the sample changed the fastest was
slightly higher in the composites. It was 367 °C for
PLAi and 369°C for PLAi 1.0. In the case of partial-
ly disentangled materials, this temperature was
365°C for PLAd and 368 °C for PLAd 1.0.
The slight decrease in temperature observed for the
partially disentangled polymer can be attributed to
easier access to the polymer volume. On the other
hand, a slight increase in the temperature of the fastest
degradation in composites is caused by the barrier
effect resulting from the presence of fillers. Although
a slight influence of the structure of the samples on

the thermal resistance is visible, it generally does not
affect the good stability of the materials.

3.5. Mechanical properties
The conditions for mechanical testing were first es-
tablished using PLAi samples subjected to tensile
tests at different temperatures. The strain-stress curves
of PLAi are shown in Figure 6a. It can be seen how
quickly the yield stress decreases with increasing tem-
perature. This stress was 73 MPa at 20°C, 49 MPa at
40°C, and 32 MPa at 50°C. At a temperature of 20°C,
which is well below the glass transition, the possibil-
ities of movement of ‘frozen’ PLA macromolecules
were very limited, which led to the rapid breaking of
the samples. From theoretical considerations, it is
known that the influence of the degree of entangle-
ment of the macromolecular network on the properties
should be visible primarily at higher strains, where
strain hardening occurs. Therefore, the tests of par-
tially disentangled samples should be carried out at a
temperature where large deformations are possible.
As seen in Figure 6a, the deformability of PLAi sig-
nificantly increases at higher temperatures.
Disentanglement of the polymer usually increases
the probability of brittle failure due to the easier for-
mation of voids inside the material, but this negative
effect decreases with increasing temperature as the
mobility of macromolecules increases. For the above
reasons, it would not be a good idea to test our poly-
mers and composites at ambient temperature, but
good testing conditions could be expected above the
glass transition temperature.
Observations of the samples during and after the test
showed that the mechanism of deformation changed
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Figure 5. a) The ratio of the current, m, and initial mass of the sample, m0, as a function of temperature during heating in ni-
trogen atmosphere; b) derivative of mass loss during heating. The black curve in Figure 5b is in its original posi-
tions, the other curves have been proportionally (0.5 each) shifted vertically for better visibility.



as a function of temperature. It was a brittle fracture
with signs of crazing before the break when tested
at 20 °C, formation of a localized single shear band
with necking at 40 °C and almost uniform deforma-
tion at 50 °C.
To determine the best temperature for tensile test-
ing of our PLA, the DMTA, studies were conducted
(Figure 6b). Experiments have shown that the glass
transition occurs at a temperature range of 50 to
70°C. The maximum of G″ was observed at 62.5°C,
and the maximum of tan δ was at 68.7 °C. The stor-
age modulus remained constant from 70°C. For these
reasons, the tensile properties of our samples were
examined at 70 °C, where a large deformation could
be observed, including the strain-hardening phase.
Similarly, other authors interested in PLA deforma-
tion mechanisms conducted research at temperatures
of 70°C and higher [2, 44].
The results of the tensile test of PLAs and compos-
ites at 70 °C are shown in Figure 7. The exemplary

strain-stress curves are shown. All tested materials
were able to achieve high engineering strains of 350–
500%. The yield point was reached at 50–55% strain
for homopolymers, increasing to the strain of 65–70%
for composites. However, no strong localization of
deformation at the yield was observed in the form of
a neck appearing in the tested sample. The yield
stress values are shown in Table 6. As expected, the
stress values at high test temperatures were low, less
than 1 MPa. At the yield point, it is seen that less
stress is needed to initiate the plastic deformation in
the less entangled PLAd polylactide. For both poly-
mers, the yield strength increased with the content
of nanotubes, indicating some reinforcement of the
matrix by MWCNTs, which is more effective in
PLAd composites. The standard deviations for the
tested samples were 4–8% of mean values (Table 6),
which proves good repeatability of measurements.
At elongations beyond the yield point, the deformed
sample entered the plateau stage, in which no signif-
icant changes in stress are usually observed. In the
tested samples, this phase was relatively short and
ended at a strain of about 150%.
Significant differences between the studied materials
appeared at large deformations. After a short drop
and a plateau in the curves, the next stage of defor-
mation, called strain-hardening, began (at the strain
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Figure 7. Representative strain-stress curves showing the
mechanical properties of the samples in a tensile
test at 70°C.

Table 6. Yield stress (σy) measured at 70 °C.

Sample σy
[MPa]

PLAi 0.51±0.02
PLAi 0.1 0.55±0.04
PLAi 1.0 0.67±0.03
PLAd 0.48±0.02
PLAd 0.1 0.63±0.03
PLAd 1.0 0.84±0.03

Figure 6. a) Mechanical properties of PLAi determined during tensile test at temperatures of 20, 40 and 50 °C; b) storage
modulus (G′), loss modulus (G″) and tanδ measured for PLAi samples at temperatures of 10–160 °C.



of 200–250%). During strain-hardening, the stress
measured in the tested samples increased quickly,
and there were significant differences between the
samples. One of the factors responsible for the rate
of stress increase is the density of macromolecular
entanglements, which determines the stronger or
softer reaction of the deformed macromolecular net-
work in the polymer. This is the reason for the slow
increase in stress for partially entangled PLAd and
greater for fully entangled PLAi. The second factor
influencing the course of strain-hardening is the
presence of nanofillers in the composites. In the case
of both polylactide matrices, the increasing amount
of dispersed filler accelerated the stress increase and
shifted the beginning of the hardening phase to
smaller strains. With the same content of nanotubes,
a stronger reinforcement effect was seen in the com-
posite with a less entangled amorphous phase. For
example, in the PLAd 1.0 composite, at 350% strain,
the stresses were 1.4 times higher than in the
PLAi 1.0 composite (3.4 vs. 2.5 MPa) and 5 times
higher than in the PLAd polymer. The differences

between the composites can be attributed to the pre-
viously discussed better dispersion of the filler. Thus,
well-dispersed, numerous nanotubes have a stronger
effect on the strain-hardening than the reduction of en-
tanglements in the PLA macromolecules network.
In order to learn more about the changes taking place
inside the composites during deformation, measure-
ments of their shape (i.e., length, width, and thick-
ness) in the function of time were made. Knowing
the changes in shape, it was possible to calculate the
change in volume in a selected fragment of the sam-
ple. Such measurements are usually made for the
first deforming part of the sample, where structural
changes during plastic deformation occur fastest.
However, in the case of the tested materials, the de-
formation of individual parts of the sample occurred
similarly, so the selection of the right fragment was
less important. Figure 8a shows how the width W
and thickness D of the samples decreased during de-
formation in the example of the PLAd sample. Size
changes were very similar for the other materials
tested (not shown here). In the applied experimental
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Figure 8. a) Changes in the dimensions of the sample during deformation measured for PLAd. L – actual length, L0 – initial
length, W – actual width, W0 – initial width, D – actual thickness, D0 – initial thickness; b) volume strain calculated
for PLAi and its composites; c) volume strain calculated for PLAd and its composites. The lines connecting the
points are intended to help the reader notice the trends of the results.



conditions, changes in thickness were very similar
to changes in the width of the tested sample, which
means that the shape of its cross-section did not
change.
Figure 8b and Figure 8c show volume changes dur-
ing the deformation of the tested materials, calculat-
ed according to Equation (1). The increase in volume
in our polylactides was relatively low. The largest
increase in volume was observed for PLAi (0.10 at
L/L0 = 2.0) and PLAd (0.07 at L/L0 = 1.4). In the
composites, with the increase of the MWCNTs con-
tent, the volume strain decreased to almost zero. This
decrease was faster when the matrix was less entan-
gled, most likely as a result of better nanoparticle
dispersion. The very small volume strain of the com-
posites supported the assumption that limited micro
cavitation was present only in PLAi and PLAd. The
scale of cavitation, and thus the increase in volume,
depends on the possibility of relaxation of local stress-
es in the matrix. Both the greater mobility of less en-
tangled macromolecules and the better MWCNTs dis-
persion prevent stronger stress concentration in the
PLA matrix.
Analyzing the volume strain with the progress of de-
formation, it can be seen that the volume rapidly in-
creased until the local deformation of 1.5–2.0. Since
the samples deformed almost uniformly, this corre-
sponded to engineering strain of 50–100%, i.e., de-
formation just after yielding (see Figure 7), when the
structure of the polymer is reorganized, and cavities

usually are initiated. For larger strains (i.e., for
L/L0 = 2.5–3.0), a decrease in the volume strain is
observed, usually explained by a change in the shape
of the voids into more elongated but thinner, and
therefore with a smaller volume of each void.
In order to better understand the structural changes
that occurred in the tested materials, the samples after
the tensile test were characterized by X-ray methods,
and WAXS and SAXS tests were performed. X-ray
experiments were conducted to clarify three issues:
the occurrence of crystallization due to deformation,
the orientation of structural elements, and the ap-
pearance of nanocavitation. The answer to the first
question can be provided by the WAXS 2D experi-
ment; the nanovoiding and orientation of the nan-
otubes should be visible in the SAXS patterns.
WAXS 2D scattering images from the tested samples
before and after deformation up to 350% of strain
are shown in Figure 9. For non-deformed homopoly-
mers and composites, only scattering in the amor-
phous phase is visible, which confirms the absence
of a crystalline phase and agrees with the previously
discussed results of DSC studies on crystallization.
The scattering images changed after the samples
were deformed. In the case of both polylactides, a
strong localization of signals is visible and the pat-
terns resemble those observed for fibers. The scat-
tering is mainly from the newly formed crystalline
phase, although a weakened amorphous hallo is still
visible. The ring fragments (arcs or blobs) represent
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Figure 9. WAXS patterns registered for non-deformed samples and samples deformed to strain of 350%. The direction of
stretching in the photographs was horizontal.



the scattering at 2θ angles of 16.7°, 19.1°, 24.9°, and
33.0°. The last two reflections are hardly visible. The
most intensive reflection (i.e.16.7°) is visible in the
vertical direction, and the last one (33.0°) is in the
horizontal direction, i.e., in the direction of stretching.
The reflection at 2θ =16.4° is assigned to the (200)
and (110) crystal planes and the reflection at 2θ =
18.7° represents the diffraction on the (203) crystal
plane [3, 43]. The lack of reflections at 2θ = 14.8°
and 22.2° indicates that the less ordered α′ form
rather than the α form was formed in the sample [2].
The location of reflections (200) and (110) indicates
a strong orientation of the macromolecules forming
crystals in the direction of deformation.
A very similar evolution of polylactide WAXS pat-
terns was observed with the progress of deformation
by Stoclet et al. [2] and Zhang et al. [45]. They no-
ticed that patterns indicating crystallization in the
sample were first seen shortly before or at the begin-
ning of the strain-hardening phase. Stoclet et al. [2]
have seen much weaker crystalline scattering at
70°C than is visible in Figure 9; however, it may be
explained much faster deformation rate in their case,
limiting the time available to crystallization during
the experiment. On the other hand, Zhang et al. [45]
observed that an increase in strain rate tends to favor
crystallization. In Zhang’s work, it was also shown
that annealing for the time corresponding to the ten-
sile experiment did not lead to the formation of a
crystalline phase. This agrees with our supplementary
observations. Thus, the patterns of PLAs in Figure 9
are the result of strain-induced crystallization, not
annealing during deformation.
Scattering images after deformation for PLAi 0.1 and
PLAd 0.1 composites are very similar to those record-
ed for polylactide. A thorough analysis, however,

shows slightly less concentration of reflections, e.g.,
from the (200)/(110) planes. The change in the shape
of the reflections, which take the form of arcs, in-
creases with the content of MWCNTs in the com-
posites. This can be clearly seen in the scattering im-
ages on PLAd 1.0 and PLAi 1.0 composites. The
presence of nanotubes makes it difficult to orientate
macromolecules and the resulting crystals are there-
fore less oriented with the increase in the content of
the nanofiller.
It required clarification on whether the composition
of the material affected the intensity of crystalliza-
tion caused by deformation and whether, for exam-
ple, crystals of different thicknesses grew. Informa-
tion on these topics was provided by DSC studies of
deformed samples, carried out by heating to the melt
state. The measurement results are presented in
Table 7. Compared to the data in Table 3, an increase
in the glass transition temperature of about 2 °C is
noticeable.
The tested materials, apart from PLAd 1.0, showed
limited cold crystallization, occurring at tempera-
tures 15–20°C lower than the temperatures measured
previously for non-oriented samples (see Table 4).
Melting took place at temperatures of 165.8–166.4°C,
and their small dispersion indicates a similar thick-
ness of crystals present in different samples. Differ-
ences between the heat of melting and the heat of
cold crystallization show the crystallinity of the de-
formed samples. The degree of crystallinity deter-
mined after deformation was at the level of 40–45%,
similar for all tested materials.
Figure 10a shows small-angle scattering images
recorded for non-deformed samples. There is a vis-
ible lack of orientation and an increase in the inten-
sity of scattering with the increase in the content of
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Table 7. Temperatures and heats of crystallization and melting measured for samples stretched to 350% strain.

Tg   – glass transition temperature,
Tcc  – cold crystallization temperature,
Tm  – melting temperature,
Hcc – heat of cold crystallization,
Hm  – heat of melting,
X    – crystallinity of samples before the cold crystallization.

Sample Tg
[°C]

Tcc
[°C]

Hcc
[J/g]

Tm
[°C]

Hm
[J/g]

Hm – Hcc
[J/g]

X
[%]

PLAi 60.2 79.1 9.8 166.1 47.5 37.7 40.5
PLAi 0.1 60.1 88.9 2.7 165.8 44.5 41.8 44.9
PLAi 1.0 59.6 88.9 2.7 166.4 42.0 39.3 42.3
PLAd 65.8 89.0 2.7 165.8 43.1 40.4 43.4
PLAd 0.1 58.1 89.9 3.6 166.1 43.5 39.9 42.9
PLAd 1.0 57.3 – – 166.2 42.0 42.0 45.2



MWCNTs in the composites. The scattering of X-ray
on polylactide only comes from the amorphous
phase and is, therefore weak. In composites, it is ac-
companied by intense scattering on nanotubes. Scat-
tering images recorded for samples deformed to
350% of strain are shown in Figure 10b. Patterns for
PLAi and PLAd have not changed significantly, and

the orientation of the polymers is not visible on
them. Also, the intensity of scattering was similar for
homo polymers before and after deformation. The
studied samples had the same thickness, so it was
possible to compare intensity and scattering profiles.
Profiles taken in the vertical direction in Figure 10
are shown in Figure 11a, and Figure 11b. Figure 11c
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Figure 10. Small-angle X-ray scattering on the tested materials: a) non-oriented samples, b) samples after deformation in
the tensile test up to 350%. The yellow arrow shows the direction of stretching.

Figure 11. Scattering intensity profiles taken from the SAXS patterns in Figure 10 in the vertical PLAi (a), and PLAd (b)
and horizontal (c) directions. On the horizontal axis is the wave vector, s.



shows profiles in the horizontal (stretching) direction
for selected samples.
The important issue is whether there are changes in
scattering that indicate crystallization or cavitation.
From the results of WAXS studies, it was expected
that the formation of the periodic crystal structure
should be visible in the SAXS patterns, mainly in the
horizontal direction. In the case of crystallization,
parameters such as long period and lamella thickness
can usually be specified based on SAXS. However,
for deformed, semi-crystalline PLAi and PLAd sam-
ples, the additional scattering is small, which makes
it very difficult to determine the above parameters.
This is explained by the fact that the density of the
amorphous phase is close to the density of the imper-
fect α′ crystalline phase, which makes the scattering
intensity on the periodic structure low [44, 46]. Sim-
ilarly to microvoids also nanovoids can be generated
during polylactide deformation, which should be
seen as a rapid increase in scattering intensity. Such
additional scattering is not visible when comparing
intensity profiles for deformed and non-deformed
polylactides. This means that the formation of nano -
voids did not occur in homopolymers. Zhang et al.
[45] observed nanocavitation during the deformation
of amorphous polylactide at a temperature of 75 °C,
but this phenomenon occurred for higher strain rates,
with large strains. The minimum rate used in their
experiment was 0.01 s–1, which was one order of
magnitude higher compared to our experiments per-
formed at 0.0017 s–1.
For composites after deformation, the orientation of
the scattering signal perpendicularly to the stretching
direction was visible. The effect was more pro-
nounced when the nanotube concentration was high-
er. Looking at the vertical scattering profiles for the
non-deformed and deformed the same composite,
can be seen the difference. Scattering after deforma-
tion is greater. However, when analyzing horizontal
profiles, scattering from deformed samples in this
direction is smaller. When the scattering was inte-
grated for the whole image, the differences in the
total scattering intensity before and after deforma-
tion did not exceed 5%, which is not significant. This
means that scattering for composites was mainly
from the nanotubes, so the shapes of the patterns in-
dicate the orientation of the nanotubes in the direc-
tion of deformation. The contribution to the scatter-
ing of that coming from the crystalline phase was
small. Scattering on nanovoids was not observed.

4. Conclusions
As a result of the conducted research, it was found
that the reduction of entanglements of macromole-
cules in the polylactide-MWCNTs composite affects:
filler dispersion during processing, ability to crystal-
lize, and mechanical properties. In the composites in
which PLA macromolecules were less entangled, bet-
ter dispersion of nanoparticles was obtained. This can
be attributed to easier penetration of macromolecules
into the agglomerated CNTs, as well as lower viscos-
ity in the melt, altering the processing conditions.
Large differences between composites with entan-
gled and less entangled macromolecules were ob-
served during non-isothermal crystallization studies.
PLAd prepared from solution had fewer nuclei than
PLAi, which limited the normal and cold crystalliza-
tion in this polymer. The presence of nanotubes in
the entangled polymer hindered their crystallization.
The potential effect of nucleation on the nanotubes
did not outweigh the fact that the nanotubes were an
obstacle to crystal growth. The addition of nanopar-
ticles to PLAd, better dispersed than in PLAi, gave
a sufficient number of nuclei, which, combined with
greater mobility of macromolecules and easier ob-
stacle avoidance, resulted in intensive crystallization
already during cooling, not only during cold crystal-
lization.
The isothermal crystallization confirmed the obser-
vations from the non-isothermal crystallization that
there were fewer nuclei in PLAd, which increased
the crystallization time. In composites, the process
was faster for those with less entangled macromole-
cules due to easier migration of macromolecules into
the growing crystals.
The influence of macromolecular entanglements as
well as the content and dispersion of nanotubes, was
visible when examining the mechanical properties.
Partial disentanglement of macromolecules in the
polylactide matrix resulted in lower stresses during
the initiation of the plastic deformation. Although the
strain-hardening phase for homopolymers was more
pronounced for more entangled PLAi, in composites
the stress increased faster in those with more and bet-
ter-dispersed MWCNTs. The better dispersion of the
fillers had a greater effect on the stresses than the de-
gree of entanglement of the macromolecules. The
slight increase in volume observed during the defor-
mation of homopolymers was attributed to the for-
mation of a small number of microvoids. WAXS
studies confirmed the occurrence of the intensive
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strain-induced crystallization of polylactide. The
crystals were strongly oriented, especially when the
number of nanotubes was limited. The MWCNTs
themselves also became oriented during the defor-
mation of the composites.
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1. Introduction
Compared to conventional electronic devices with
rigid substrates, flexible substrate-based electronics
have many benefits. These flexible devices can with-
stand unusual operating environments like twisting,
bending, and stretching. As a result of additional
atypical performance requirements brought on by the
rising demand for novel wireless communication
systems in recent years, antenna designers have had
to overcome a number of technological impedi-
ments. For such applications, it is preferable to have
a flexible, compact, lightweight, easily integrable,
and inexpensive antenna. These qualities are also de-
sired in wearable antennas [1] for body-worn appli-
cations because they mitigate potential health risks

for the user. As a result, flexible antennas designed
utilizing flexible substrates are preferred over tradi-
tional antennas using rigid substrates to satisfy such
requirements.
Materials for conductive portions like patch, ground,
and feed, as well as substrate materials, should be
carefully chosen when designing a flexible antenna.
This decision will largely depend on the desired ap-
plications taken into account. Fabric, polymers, and
paper-based substrates are the three basic categories
of flexible substrates that may be utilized to develop
flexible antennas. The vulnerability of fabric sub-
strates to external factors like temperature variations
and hydrophilicity is higher. They perform only par-
tially when conditions are flexible, stretchable, and
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conformal [2]. Similar restrictions apply to paper-
based substrates; hence polymer-based substrate
polydimethylsiloxane (PDMS) is favored in this re-
search.
Researchers are always experimenting with new ap-
proaches and materials to enhance the performance
of flexible and wearable antennas. One is the use of
metamaterial loading in flexible and wearable anten-
nas. Flexible antennas’ performance can be further
enhanced by various metamaterial structures, such
as split-ring resonators (SRRs), by downsizing their
size, boosting their bandwidth, efficiency, and direc-
tivity, and enhancing their radiation patterns [3, 4].
These features facilitate wave polarization, wave ab-
sorption, and surface wave reduction. For lowering
the specific absorption rate (SAR) of flexible/wear-
able antennas, metamaterial surfaces have also gained
popularity. By reducing the energy the body absorbs,
metamaterials are frequently employed to protect the
human body from dangerous radiation [5]. They are
unquestionably helpful in antenna design. Still, a
great deal of research is to be done in this field, par-
ticularly their implementation in flexible and wear-
able antennas using polymer substrates like PDMS.
This encouraged us to design and analyze a PDMS
substrate-based flexible antenna-2 (PSFA-2) for wire-
less body and local area networks that is inspired by
a split ring resonator (CSRR) structure and compare
it to a flexible antenna having the same dimensions
(PSFA-1) that is not loaded with CSRR to assess its
advantages. There are several pieces of research
available in the literature that employs SRRs in the
antenna design to create frequency notches and
broadband behavior and to improve the antenna per-
formance. Still, there are very few on the design of
flexible/ wearable antennas with CSRR loading, par-
ticularly using the polymer substrates like polydi-
methylsiloxane (PDMS) for the targeted wireless
local area network (WLAN) and wireless body area
network (WBAN) applications as presented in this
paper. Furthermore, many researchers have employed
a variety of CSRRs and their arrays, but here only
one CSRR employed in PSFA-2 is performing the
same task, thus reducing the design complexity. The
employed substrate PDMS in both of the presented
antennas is fabricated and characterized to improve
the design accuracy and both of the presented anten-
nas are tested under varying operating conditions.
Simple antenna structures, even with the CSRR in-
corporation, stable and enhanced performance with

flexibility, easy and cost-effective development
process make the proposed antennas employable,
and PDMS a good candidate as a flexible substrate
for the targeted applications; these are some of the
major contributions of the presented research as
compared to the previous works.
Both of the proposed antennas show a multiband be-
havior and operate at the 5.0 GHz band (Institute of
Electrical and Electronics Engineers, IEEE 802.11ac)
to resolve the 2.45 GHz band’s issues relating to traf-
fic and the 6.0 GHz (IEEE 802.11ax) band, which
was just debuted in 2020 for fast wireless local area
network applications. To address fast wireless body
area network applications, an additional band of
5.8 GHz (IEEE 802.16d) is attained in the PSFA-2
by a single CSRR loading. The presented paper is
divided into five sections. After a brief introduction
in section 1, section 2 provides an overview of the
PDMS development and characterization techniques.
Antenna designs and fabricated prototypes are pre-
sented in section 3. In section 4, the performance of
both the presented PSFAs is compared with SAR,
conformal, and wet condition analysis. Finally, the
paper is concluded in section 5 by summarizing all
the results obtained.

2. PDMS Fabrication and dielectric
characterization

The choice of substrate is a crucial component of an-
tenna design since its physical and dielectric qualities
have a direct impact on the antenna’s radiating prop-
erties. Polydimethylsiloxane (PDMS), which is a sil-
icone-based elastomer belonging to silicon-organic
compounds, is used as a flexible substrate in both of
the proposed antennas. PDMS has gained popularity
in recent years not only as a substrate for antenna ap-
plications but also as a coating for antenna hy-
drophobics [6], wearable sensors [7], membranes
[8], etc. It possesses qualities that make it an appro-
priate substrate for flexible antennas – it is highly
flexible (Young’s modulus <3 MPa) and transparent,
has less effect of environmental variations like ab-
sorption of moisture, is thermally and chemically sta-
ble, and has nearly isotropic dielectric properties [9].
The flexible substrate PDMS is developed using the
conventional process, as summarized in Figure 1.
After the substrate has been chosen and successfully
developed in accordance with the specifications, its
characterization is carried out utilizing our prior re-
search [10–12]. Since PDMS is anisotropic, the values
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for the dielectric properties vary in different direc-
tions. The characterization of the PDMS as a flexible
substrate is crucial since it has been noted from the
literature that various researchers have employed dif-
ferent values of the dielectric characteristics for var-
ious applications [13–15]. This variation in the val-
ues of the dielectric parameters is mainly because of
the applied characterization methods like, for exam-
ple, conventional methods like Kent, free-space,
Courtney, etc., methods evaluate the dielectric pa-
rameters in a parallel direction [16–18]. Whereas the
methods like transverse magnetic (TM) mode, re-en-
trant cavity, substrate integrated waveguide (SIW),
etc. methods investigate the dielectric parameters in
a perpendicular direction [19–21]. All of these meth-
ods are not appropriate for the characterization of
polymers and may result in variable outcomes for
anisotropic substrates.
Resonance and planar structure techniques based on
our past works are employed here to investigate the
PDMS dielectric characteristics [9, 10]. As shown
in Figure 2a, two distinct resonators, R1 (for paral-
lel values) and R2 (for perpendicular values), were

designed exclusively for resonance measurements of
PDMS’s dielectric characteristics in both directions.
The measurements show that the dielectric constants
were 2.7 and 2.5, and the loss tangents were 0.03 and
0.02 in parallel and perpendicular directions, respec-
tively. Therefore, it should be underlined that the
perpendicular dielectric constant is approximately
5.1% smaller than the parallel one, demonstrating
the low anisotropy of this material.
This method is also applied to other similar materials
to validate the acquired values, and when their re-
sulting values are compared with the values provided
by the manufacturer, a reasonable correlation is
found, as shown in Table 1. The covered ring res-
onator, shown in Figure 2b, has been used in planar
structure measurements to assess the isotropic coun-
terparts to PDMS’s anisotropic dielectric character-
istics and help to minimize simulation problems with
the anisotropic substrates in antenna applications.
The loss tangent is calculated to be 0.02, and the di-
electric constant to be 2.65. The isotropic equivalent
values of the PDMS lie between the parallel-perpen-
dicular values, as illustrated in Figure 3.
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Figure 1. a) PDMS development process, and b) developed PDMS.

Figure 2. Measurement setups for a) Resonance measurement, and b) planar structure measurement method.



3. Antenna design
Two flexible antennas (PSFA-1 and 2) for wireless
body and local area networks are presented in this
paper. The PSFA-2 incorporates a CSRR structure to
exemplify the advantages of employing it in flexible
antenna designs with PDMS substrate; however,
both antennas have the same physical dimensions.

3.1. Antenna geometry 
Both of the proposed flexible antennas of size
50.2×40.1×1 mm having a circular patch are de-
signed using PDMS as a flexible substrate with εr of
2.65 and tan δεr of 0.02. The antenna geometries are
depicted in Figure 4 and listed in Table 2 with their
precise dimensions. In order to examine the effects
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Table 1. Dielectric values of different materials by the resonance measurements  (approximates).

Material Perpendicular value, 
(~)

tan

rperpendicular

rperpendicular

f

df
Parallel value, 

(~)

tan

rparallel

rparallel

f

df

Polydimethylsiloxane (PDMS) 0.0200/2.5 0.0300/2.7
Cyclic olefin copolymer (COP) 0.0003/2.3 0.0005/2.3
Polytetrafluoroethylene (PTFE) 0.0002/2.0 0.0003/2.1
Polycarbonate (PC) 0.0050/2.7 0.0060/2.7

Figure 3. Obtained dielectric values by resonance and planar measurements: a) dielectric constant values and b) loss tangent
values.

Figure 4. Antenna geometries: a) PSFA-1, and b) PSFA-2.

Table 2. Antenna physical parameters.
Parameter l w r fl fw gl gw lg wg ls ws

[mm]
Value 50.2 40.1 15.0 17.0 18.0 19.0 3.0 50.2 40.1 12.0 0.5



on the radiation performance, which are detailed in
later portions of this paper, a CSRR structure is in-
serted in the PSFA-2  on the same side of the patch.
Prior to being used in the antenna design, the CSRR
is additionally examined and optimized for its be-
havior [22] using Ansys HFSS software.
The incorporation of the CSRR in the antenna design
is quite advantageous since it makes the design more
compact while acting as a magnetic resonator, in-
creases bandwidth by limiting standing waves, and
enhances the antenna’s radiation characteristics.
These benefits are experimentally confirmed in the
later sections of this paper in the design and analysis
of PSFA-2.
The circular SRR's resonant frequency (fres) is
(Equation (1)):

(1)

where Ltotal and Ctotal are the total inductance and
total capacitance of the unit cell structure, ravg is the

ring’s average radius, sgap is the gap in split, Cpul is
the per unit length capacitance. The total inductance
of the unit cell is (Equation (2)):

(2)

where lw is the wire’s cross-section length for a sin-
gle loop, c is the wire loop geometry constant, and
is equal to 2.4.
The CSRR unit cell geometry is shown in Figure 5a,
and the equivalent circuits of both PSFAs are depict-
ed in Figure 5b and Figure 5c, respectively.  Its re-
sponse as an SRR structure is confirmed by Figure 6,
which shows that the SRR has a negative permeabil-
ity and permittivity in the required region of opera-
tion. The CSRR interacts dynamically with electro-
magnetic waves when these parameters are negative,
as it produces a negative refractive index, which
lessens standing waves and enhances the antenna’s
performance.

3.2. Fabrication of prototypes
The prototypes of the presented antennas are devel-
oped and measured using the vector network analyzer
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Figure 5. a) Circular SRR dimensions; equivalent circuits: b) PSFA-1, and c) PSFA-2.



(VNA) Figure 7, to validate the simulation results. In
order to fabricate the antennas, first of all, the PDMS
is developed as mentioned in section 2 with the re-
quired thickness of 1 mm, then it is cut as per the an-
tenna dimensions of 50.2×40.1 mm. The copper tape
0.059 mm thick is used for the metallic parts of the
antenna. Due to its superior adhesive qualities, the
flexible substrate PDMS makes it simple for the cop-
per tape to adhere. Both fabricated antennas exhibit
steady performance even under variable working con-
ditions, as described in the following sections of this
article.

4. Performance analysis
The evaluation of the obtained results from the sim-
ulation and measurement of the two designed PSFAs
is carried out in this section. Both antennas are com-
pared while operating under varying operating situ-
ations like conformal and wet conditions with SAR
analysis.

4.1. Radiation parameters
Both of the presented antennas show notched fre-
quency behavior for the target applications, as shown
in Figure 8. The PSFA-1 with dual-band behavior
has impedance bandwidths of 0.75 GHz (4.60–
5.35 GHz) at 5.03 and 0.51 GHz (6.39–6.90 GHz) at
6.53 GHz; 0.698 GHz (5.00–5.69 GHz) at 5.40 and
0.5 GHz (6.10–6.60 GHz) at 6.70 GHz in the simu-
lation and experimental results respectively. While
the PSFA-2 shows a triple band behavior having im-
pedance bandwidths of 0.83 GHz (4.50–5.33 GHz)
at 5.12 GHz, 0.64 GHz (5.60–6.24 GHz) at 5.80 GHz,
and 0.53 GHz (6.35–6.88 GHz) at 6.66 GHz in sim-
ulation and 0.8 GHz (4.80–5.60 GHz) at 5.24,
0.61 GHz (5.62–6.23 GHz) at 5.72 and 0.518 GHz
(6.48–6.99 GHz) at 6.81 GHz in measured results re-
spectively. Figure 9 illustrates the voltage standing
wave ration (VSWR) of both the presented antennas
with both simulation and measurement results hav-
ing values less than 2. The close correlation be-
tween the simulation and measured radiation pat-
terns at resonating frequencies across different
planes is illustrated in the Figure 10 and Figure 11.
Both of the proposed PSFAs exhibit nearly omni-
directional radiation patterns and show a conven-
tional monopole behavior. The total gain of the
PSFA-1 and PSFA-2 is 4.8 and 6.3 dBi, respective-
ly (Figure 12). The third frequency band at
5.8 GHz, a decrease in the reflection coeficient
(S11) and VSWR, and an enhancement in antenna
gain can all be vividly viewed from the discussions
above as benefits of implementing a single CSRR
in the PSFA-2 with polymer substrate PDMS as
summarized in Table 3. E-field distribution of both
PSFAs are shown in Figure 13.

P. K. Sharma and J-Y. Chung – Express Polymer Letters Vol.17, No.7 (2023) 759–770

764

Figure 7. Fabricated prototypes: a) PSFA-1 and PSFA-2, and b) prototypes and measurements.

Figure 6. Circular SRR response.
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Figure 10. PSFA-1 radiation patterns, a) 5.0 GHz, b) 6.5 GHz.

Figure 11. PSFA-2 radiation patterns, a) 5.10 GHz, b) 5.80 GHz, c) 6.60 GHz.

Figure 12. 3D gain plot: a) PSFA-1, and b) PSFA-2.

Figure 8. S11 values for the PSFAs (1 and 2). Figure 9. VSWR values for the PSFAs (1 and 2).



4.2. Estimation of SAR using simulation
model

Employing a multi-layered model in simulation
(Figure 14a), the specific absorption rate (SAR)
analysis is carried out to examine how the proposed
antennas affect the human body. The bottom layer of
the SAR analysis model represents muscle, the meso-
derm layer is fat, and the top is the skin [5, 23]. The

obtained SAR values (averaged) by this model for
PSFA-1 (5.03 GHz) and PSFA-2 (5.12 GHz) using
an input power of 100 mW are shown in Figure 14b
and Figure 14c. The measured values are 1.9 and
1.6 W/kg, respectively, which satisfy the European
standard (<2 W/kg). Thus, in the second proposed an-
tenna, the CSRR with PDMS substrate aided in re-
ducing the SAR also.
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Table 3. Comparison of PSFAs.
PSFA-1 PSFA-2

Parameters Simulation results Experimental results Simulation results Experimental results
Frequency [GHz] 5.03 6.53 5.40 6.70 5.12 5.80 6.66 5.24 5.72 6.81
S11/VSWR [dB] –23.4/1.32 –19.8/1.26 –21.8/1.56 –18.1/1.32 –25.6/1.02 –21.2/1.50 –20.1/1.20 –24.0/1.30 –19.1/1.80 –18.4/1.92
–10 dB BW [GHz] 0.75 0.51 0.69 0.50 0.83 0.64 0.53 0.80 0.61 0.51
Gain [dBi] 4.0 1.8 3.8 1.5 6.2 4.1 2.4 6.0 4.2 2.2

Figure 13. E-field distribution for the a) PSFA-1 and b) PSFA-2.

Figure 14. SAR Estimation: a) simulation model, b) for PSFA-1, and c) for PSFA-2.



4.3. Conformal condition analysis
The adoption of PDMS as a substrate has offered
proposed antennas considerable flexibility so that
they can be employed in conformal environments.
Therefore in this sub-section, the developed antennas
are evaluated under conformal conditions to assess
their effects on the performance. Two different sce-
narios are chosen to observe its effects: firstly, the
performance of both the antennas is tested on a hand
at a  ~10° bent, and in the second, measurements are
made using two different cylinders with radii of 3
and 4 cm. When adopted for wearable applications,
one of the essential considerations of the flexible an-
tenna should function effectively while mounted on
the body, in contrast to the constraint of stiff sub-
strate antennas. Due to the presence of biological tis-
sues that might drain some power, it behaves as a
lossy medium. This drives the S-parameters of the
presented antennas to fluctuate (Figure 15a), and
changes in the resonating frequencies can also be no-
ticed. It is noteworthy that the given antennas retain

operation in the relevant frequency bands and pos-
sesses multiband capabilities. The dielectric char-
acteristics of the substrate are crucial in this situa-
tion. Considering that PDMS has a comparatively
low dielectric constant, it aids in suppressing sur-
face waves and helps in achieving good impedance
matching.
Both antennas are placed on cylinders with radii of
4.0 and 3.0 cm to investigate further the impact of
bending on the antennas’ radiating properties. Reso-
nant frequencies and associated S11 values demon-
strate a minor shift. However, as seen in Figure 15b
and Figure 15c, the antennas still work in the needed
multi-frequency bands while offering the notched
features. Since PDMS is a substantially anisotropic
substrate [9–12], it has been demonstrated experi-
mentally and analytically that anisotropy and bend-
ing have opposing effects on the antenna’s resonant
properties [24, 25]. The results of the experimental
investigation carried out here, and earlier studies are
in satisfactory correlation with one another.
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Figure 15. S11 vs. frequency curve: a) on hand; on cylinders of 4.0 and 3.0 cm, b) for PSFA-1, and c) for PSFA-2.



4.4. Wet condition analysis
In the literature, there are several choices for sub-
strates that can be employed to design flexible and
wearable antennas. Fabric substrates are the most fre-
quently used substrates for wearable antenna designs.
Despite having a variety of benefits, these materials
are susceptible to operational environment changes
like absorption of moisture and temperature fluctua-
tions that can either directly or indirectly impact the
radiation characteristics of the antenna [2]. These
constraints have indeed been alleviated by using
polymer-based substrates like PDMS, which has
been used in this research. This has been demonstrat-
ed by evaluating the designed antennas under wet
circumstances by submerging them in water, drying
them after ten minutes, and evaluating their perform-
ance. The analysis presented here demonstrates that
flexible antennas built of polymer substrates, such as
PDMS, have very little effect from moisture since
these materials do not absorb moisture as fabric sub-
strates do. In our earlier study, we compared PDMS
with denim substrate [2], where it was shown ex-
perimentally that denim is more susceptible to mois-
ture and affects antenna performance more. The
measurement setup for the wet condition evaluation
and the fluctuation of the S11 parameters in the wet
condition is shown in Figure 16. For the proposed
antennas using polymer substrate PDMS, very little
variation in the resonating frequencies and related
S11 parameters is observed. This demonstrates the

PDMS’ appropriateness for the design of flexible
antennas with steady performance under a range of
operational situations.

5. Conclusions
In this paper, flexible substrate PDMS is employed
to design flexible antennas for wireless body and
local area network applications. The development
and dielectric evaluation of PDMS as per the antenna
requirements are also performed here. In order to
demonstrate that SRR structures can be employed in
flexible antennas with polymer substrates (PSFA) and
to experimentally validate the merits of including
them in antenna designs, a single CSRR structure is
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Figure 16. Measured S11 vs. frequency curve for both PSFAs
in dry and wet conditions.

Table 4. Comparison of PSFA with previous works.

Substrate material Size
[mm2]

Gain
[dBi] Applications

Type of
metamaterial

loading

Performance analysis
in varying operating

situations: 
bending analysis (BA);
SAR analysis (SA); 

on body analysis (OB);
wet condition analysis

(WA)

References

Polyester 55×46 4.2/5.78 3.63 GHz/4.95 GHz
(5G) applications Not implemented not performed [26]

Liquid crystal polymer
(LCP) 38×32 2 3.5 GHz (WiMAX)/5.8 GHz

(WLAN), applications
Circular SRR

(two) BA [27]

Polyamide 24×19 2.3/3.3/3.9 2.4 GHz/5.6 GHz (bluetooth),
3.8 GHz (5G NR) applications Not Implemented BA; SA; OB [28]

Polydimethylsiloxane
(PDMS) 80×67 4.53 5 GHz/7 GHz (UWB)

applications Not implemented BA; SA; OB [29]

Polydimethylsiloxane
(PDMS) 70 4.16/4.34 2.45 GHz /5.8 GHz

(ISM band) applications Not implemented BA; SA; OB [30]

Polydimethylsiloxane
(PDMS) 67×44 6.7 UWB applications Not implemented BA; SA; OB [31]

Polydimethylsiloxane
(PDMS) 50.2×40.1 6.2/4.1/2.4 5.12/5.80/6.66 GHz

WLAN/WBAN applications CSRR (single) BA; SA; OB; WA Proposed



integrated into the second antenna. It has helped in
improving the performance of the PSFA-2, such as
an increase in gain from 4.8 to 6.3dBi with better
VSWR and S11 values; the additional frequency band
of 5.80 GHz is achieved with 5.12 and 6.66 GHz
band in the second antenna for fast wireless body area
network applications (Table 4). Reduced SAR and
stable performance under different operating situa-
tions like bending and wet conditions are the add-on
advantages of using CSRR with PDMS. Both of the
PSFAs are successfully analyzed for their operability
for the target applications due to their simple struc-
ture, flexibility, cost-effective development process,
and consistent performance under varied operating
situations. Prototypes are also fabricated to verify the
simulated results that show a good correlation with
each other.
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