
Polymer fibers are essential in the textile industry, as
they can provide various properties such as strength,
durability, elasticity, and resistance to heat, chemi-
cals and abrasion. Synthetic polymer fibers can also
be a sustainable way to produce clothes in large
numbers, as they do not require a large land area and
resources to breed the animals and to grow the plants
that natural fibers are originally acquired from. Syn-
thetic polymer fibers and tapes are also used in var-
ious industrial segments, such as aerospace, automo-
tive, construction, medical, and packaging, including
the strongest possible fibers and tapes, such as
aramid and ultra-high molecular weight polyethyl-
ene (UHMWPE) fibers, and industrial fibers, such
as nylon, polyester, polypropylene, and polyethylene
fibers, which can offer good mechanical properties,
low cost, and are easy to process.
Molecular orientation is one of the vital factors of
the excellent performance of polymer fibers and tapes.
Molecular orientation is usually achieved in the liq-
uid state (polymer melt or solution), or by solid-state
drawing, which involves stretching the polymer melt
or solid polymer at a specific temperature and speed
or by their combined application. Molecular orien-
tation drastically increases the tensile strength and
modulus of the polymer fibers and tapes.
However, molecular orientation reduces the strain at
break of the polymer fibers and tapes, making them
less tough and prone to fracture. Therefore, one of
the most important challenges in developing these
products is to increase their toughness and resistance
to crack propagation while retaining their tensile
strength and modulus.

One way to improve the toughness of polymer fibers
and tapes is to use additives that can modify the struc-
ture or interactions of the polymer chains. For exam-
ple, nano-size additives, such as carbon nanotubes
(https://doi.org/10.3390/polym14020260) or mont-
morillonite (https://doi.org/10.1080/20550324.2019.
1671038), can be incorporated into the polymer ma-
trix to enhance its mechanical properties.
Blending is also a possible way to improve the
toughness of the tapes. Some polymers can facilitate
the movement of the molecules of the tape during
the drawing process and, in some cases, even after-
ward; thus, blending can improve the toughness of
the drawn tapes. In the case of polypropylene (PP)
tapes, amorphous poly-alpha-olefins (APAOs) had
this effect on drawn, highly oriented tapes (https://
doi.org/10.1021/acsomega.3c01772).
The sustainability of production can be increased by
using biodegradable polymers, which can degrade
under certain industrial conditions. For example,
poly(lactic acid) (PLA) is a polyester that can be de-
rived from renewable sources such as corn starch or
sugar cane (https://doi.org/10.3390/fib3040523) and
can be composted. The molecular orientation of PLA
is a heavily researched area, but PLA still has some
limitations, such as low thermal stability and poor
hydrolytic resistance. Therefore, optimizing PLA for
industrial applications requires a lot of research.
The production of polymer fibers and tapes has a long
history, but with new materials and additives, there is
still room for improvement. Polymer fibers and tapes
will continue to play a vital role in various fields that
require high performance and sustainability.
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1. Introduction
Polymers derived from renewable sources have re-
cently drawn a lot of attention in replacing the tradi-
tional petrochemical-derived and non-degradable
polymers due to problematic plastic pollution and
the rising oil price [1]. Among the most promising
biodegradable polymers is bio-based polybutylene
succinate (bio PBS), which has high ductility and
melt processing capabilities, making it appropriate
for various industries, including flexible packaging,
agriculture, and consumer goods. PBS is a polyester
made of poly-condensing succinic acid and 1,4-bu-
tanediol. Until recently, both PBS monomers were
typically produced by several processes that began
with petrochemical compounds. These monomers
can also be made by fermenting agricultural or indus-
trial wastes or other renewable resources (bio-based)

[2–4]; the Biomass content of PBS accounts for 80%
of its total composition [5]. Similarly, lactic acid is
converted into PLA through ring-opening or grafting
polymerization in plants that contain starch, such as
corn and cassava. It is also a thermoplastic polymer
with superior strength and transparency [6]. How-
ever, drawbacks such as brittleness limit its process-
ability, making it unsuitable for use in the packaging
industries, especially where high ductility is re-
quired [7, 8].
The predominant disadvantages of biopolymers are
high cost and limited performance. The high price is
due to the low production volume of biopolymers and
the lack of knowledge. Therefore, biopolymers are
often reinforced with natural fibers to develop novel
composite materials. Combining natural fibers ad-
dresses the properties and cost of the composites [9,
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Abstract. In the global pursuit of using sustainable constituents for developing composite materials, the current investigation
has paid particular attention to the most promising biopolymers, such as poly(lactic acid) (PLA) and bio-based poly(butylene
succinate) (bio PBS). The research endeavor emphasizes a comparative assessment of short sisal fiber (SF) reinforced (10,
20, and 30 wt%) PLA and bio PBS biocomposites. The analysis and discussion have been reported for the thermal, mechan-
ical, crystallinity, and dynamic mechanical behavior of developed composite materials. Based on mechanical properties, the
optimal fiber loading for SF/PLA and SF/bio PBS biocomposites was 20 and 30 wt%, respectively. The developed composites
have shown a considerable improvement in crystallinity of 17.88 and 41.13% at 20 and 30 wt% of fiber loading in SF/PLA
and SF/bio PBS, respectively. The maximum storage modulus values of 14.23 GPa (20SF/PLA) and 11.74 GPa (30SF/bio PBS)
were observed. The loss modulus of the SF/PLA and SF/bio PBS composites was around 74 and 89% higher than the loss
modulus of the PLA and the bio PBS matrix, respectively. Overall, composites fabricated with bio PBS (SF/bio PBS) have
shown better crystallinity, thermal stability, and ease of processing than SF/PLA composites.
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10]. The sisal fibers produced from the leaves of sisal
plants have been investigated in the current study as
a natural, cost-effective filler within bio PBS and PLA
at various weight percentages. Sisal fiber (SF) is one
of the most widely used natural fibers. Nearly 4.5 mil-
lion tons of SFs are produced every year throughout
the world. A sisal plant yields 200–250 leaves, each
carrying more than a thousand fiber bundles with a
fiber content of 4% [11]. It has a rough surface due
to its coarse grain structure, high strength, and high
water absorption capacity [12, 13]. SFs were chosen
due to their yearly large quantity availability, compat-
ibility with biopolymers (due to their coarse grain
structure), and affordability. Due to their superior me-
chanical performance and relative stability, PLA and
bio PBS may eventually replace conventional ther-
moplastic polymers. Interestingly, the melting tem-
peratures of these two biodegradable polymers
(bio PBS and PLA) are below 200°C, enabling the
production of biocomposites without damaging sisal
fibers [14].
Ngaowthong et al. [15] used a co-rotated twin screw
extruder to develop composites made of sisal fiber,
polypropylene, and PLA. The incorporation of sisal
fiber enhanced the tensile modulus and percentage
crystallinity of composites. Zhu et al. [16] studied the
effect of the chemical composition of fibers on the
tensile strength of SF and the interfacial strength be-
tween SFs and PLA. The results showed that the op-
timal ratio of fiber constituents (cellulose, hemicel-
lulose, and lignin) was suitable for the tensile strength
of SF and the interfacial strength between SF and
PLA. Feng et al. [17] established a technique to as-
sess the rheological characteristics of SF/PBS com-
posites and, after mixing, estimated the aspect ratio
of SFs. The results indicate that shear thinning is
more pronounced with increasing SF content, be-
cause of disentanglement, breakage, and orientation
of SFs. During the extrusion process, when fiber con-
tent increases, the number of fibers within the given
volume increases, which leads to increased friction
and shearing action between the fibers, resulting in
decreased fiber length due to fiber breakage and sub-
sequently leading to decreased aspect ratio. Bajpai
et al. [18] developed composites with natural fibers
with polypropylene and PLA matrices and assessed
their mechanical and morphological characteristics.
PLA/sisal fiber composites showed superior me-
chanical properties.

Yan et al. [19] reported crystallization and dynamic
mechanical analysis (DMA) behavior of coir fiber/
PBS biocomposites with 20 and 40 wt% fiber con-
tent. X-ray diffraction (XRD) shows identical crystal
forms of pure PBS and coir fiber/ PBS composites.
Storage modulus significantly increased in coir fiber/
PBS composites. Li et al. [20] evaluated the mechan-
ical characteristics and crystallinity of PBS/basalt
fiber biocomposites. Composites were made with
different fiber content using a twin screw extruder and
injection molding. Adding basalt fiber enhanced the
mechanical properties and thermal stability of com-
posites. Due to the negligible nucleation impact of
basalt fiber, the crystallization of PBS in composites
does not alter. Samouh et al. [21] evaluated the me-
chanical and thermal properties and DMA behavior
of PLA/sisal fiber biocomposites with various fiber
weight fractions. The mechanical and DMA behav-
ior of biocomposites improves with an increase in
the reinforcing rate. Increased sisal fiber content im-
proved the crystallinity in the matrix because the
fibers serve as PLA nucleating agents.
In the last two decades, there has been noteworthy
research in the field of natural fiber-reinforced bio -
degradable composites. However, most literature fo-
cused on individual biopolymer-based composites or
biopolymer blends. A considerable volume of re-
search has focused on PLA-based composites despite
their disadvantages as compared to other biodegrad-
able polymers. There has been limited research on
other biodegradable polymers, such as PBS, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and
poly(butylene adipate-co-terephthalate) (PBAT). The
present research investigation aims to develop and
conduct a comparative assessment of untreated short
sisal fiber-reinforced (10, 20, and 30 wt%) PLA/
bio PBS matrix sustainable composites. The me-
chanical, thermal, crystallinity and morphological
characteristics of developed composites have been
investigated in detail and reported.

2. Materials and methodology
2.1. Materials
Raw sisal fibers were procured from the Women’s
Development Organisation, Dehradun, India. SFs
were shredded into short fibers with an average 3–
6 mm length. The PLA (grade 3052D) was purchased
from Nature Tech. India Pvt. Ltd. in Chennai, India,
in pellets form (density, ρ = 1.24 g/cm3, melt flow
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rate, MFR = 14 g/10 min (210°C, 2.16 kg)). Bio PBS
(grade: FZ71PB) was procured from Tanhim Enter-
prises Pvt. Ltd., Greater Noida, India, in the form of
pellets (ρ =1.26 g/cm3, MFR = 22 g/10 min (190°C,
2.16 kg)).

2.2. Fiber characterization
Single fiber strength tests were performed using  In-
stron 5982 following ASTM D3822-14 with a fixed
gauge length of 30 mm and a crosshead speed of
0.5 mm/min. The SF strands were fastened on card-
board paper with the help of an adhesive. The fiber
diameter was obtained by averaging five observa-
tions along the fiber length using a stereo micro-
scope with the help of VUE 2014 software (with a
magnification factor of 50). The surface of an untreat-
ed sisal fiber was analyzed using a Field Emission
Scanning Electron Microscope (FESEM) (Make:
ZEISS, Model: Gemini 1). The weight percentage of
organic elements in SF was determined using the en-
ergy dispersive spectroscope (EDS). The thermo-
gravimetric analyzer (TGA) (EXSTAR 6300) was
used to examine the thermal stability and degrada-
tion behavior of fibers. The maximum test tempera-
ture and the heating rate were 700°C and 10°C/min,
respectively, and analysis was conducted in a nitro-
gen atmosphere (200 ml/min).

2.3. Fabrication of composite specimens
Before using sisal fibers for blending, fibers were
drenched in tap water for 24 hours to get rid of dirt
and pith from the fiber surface and, thereafter, dried
under sunlight for 48 hours to remove moisture from
the fibers. The fibers were heated to 80 °C in an air-
circulated oven for 6 hours. PLA and bio PBS were
dried in an oven at 50 °C for 8 hours and blended
with SF (10, 20, 30 wt%) using a single screw ex-
truder (Make: Sai Extrumech Model: SAI-25) at a
temperature of 165 and 135°C, respectively, and ex-
truder speed of 45 rpm. The blended composite
strands were passed through the water bath and pel-
letized into an average length of 4–5 mm.
The fabrication process of biocomposites using ex-
trusion-injection molding is depicted in Figure 1
and the nomenclature for the same is shown in
Table 1.
Extruded pellets were used in the injection molding
machine (Make: Electronica Model: ENDURA-60)
to make final specimens in accordance with ASTM
standards. The processing temperature values for
heaters along the barrel (from hopper to nozzle) were
optimized from pilot experiments. The temperatures
of respective zones are 165–170–175–180°C (PLA/SF
composites) and 155–155–160–155°C (Bio PBS/SF
composites).
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Figure 1. Schematic diagram showing processing of composite specimens.



2.4. Characterization of biocomposites
The optimum weight percentage of fibers in the de-
veloped biocomposites and mechanical behavior
were evaluated and compared. The thermal and mor-
phological properties and crystallinity of fabricated
composites were assessed and compared. A universal
testing machine (UTM) (Make: Instron, Type: 5982)
with a 100 kN capacity was used to evaluate the ten-
sile and flexural strength. According to the ASTM
D3039M-14, tensile tests were carried out at a
crosshead speed of 2 mm/min and a gauge length of
50 mm, respectively. According to ASTM D790-10,
flexural tests were performed using a three-point
bending fixture with a crosshead speed of 2 mm/min
and 60 mm for the span length. The impact test em-
ployed a low-energy pendulum impact tester (Tinius
Olsen-IT504) employing the ASTM D256-10 stan-
dard. The fractured surface of damaged samples after
tensile testing was examined by SEM micrographs
using the FESEM set-up. The thermal degradation
characteristics of developed bio degradable polymer
composites were measured by a thermogravimetric
analyzer (Make: EXSTAR 6300). Under the nitrogen
atmosphere, 10 mg samples were heated at
10°C/min to 600°C. The DMA (Make: NETZSCH,
Model: DMA 242 C) was undertaken to understand
the potential effects of SF loading on the visco-elas-
tic response of composites and to examine the effec-
tiveness of developed biocomposites under dynamic
loading. In the three-point bending mode, samples
with dimensions of 50×12×3 mm were tested as per
ASTM D5023-15. DMA scans were performed at a
ramping temperature of 2°C/min, ranging from –45
to 90°C, and a frequency of 1 Hz was used.

A thin film X-ray diffractometer (Make: Smart Lab
Model: Rigaku) was used to analyze the amorphous
and crystalline phases of fabricated samples. The
sample’s crystallinity was calculated using Equa-
tion (1) [22]:

(1)

3. Results and discussion
3.1. Morphological examination of fibers
In scanning electron microscopy (SEM), an electron
beam produces a magnified image of solid inorganic
materials for microanalysis. Figure 2 portray the sur-
face of SFs. Figure 2a shows the surface roughness
of longitudinal SF, and Figure 2c reveals the pres-
ence of impurities and waxy cuticles [23, 24]. The
parenchyma cells can be seen in Figure 2b [25].

3.2. Fiber strength test
The stress-strain behavior of untreated SF is shown
in Figure 3. Stress-strain curves of fibers revealed
minor extension after achieving peak strength value
followed by brittle fracture. The extension after
peak may be attributed to the load withstood by the
intact fibrils that comprise the lignocellulosic fibers.
The waviness in the curve may be attributed to sur-
face roughness, waxy cuticles, and impurities on the
surface of untreated SFs. Experimental outcomes
established that the tensile behavior of fiber varied
due to the variation in fiber diameter. The average
tensile strength and modulus were determined as
235±54 MPa and 6.332±0.05 GPa, respectively.

3.3. Thermal analysis of fibers
Figure 4 depict the thermogravimetric (TG) and dif-
ferential thermogravimetric (DTG) curves of SF, re-
vealing the thermal degradation behavior of fibers.
Thermogravimetric analysis (TGA) shows that the
weight of the fibers decreases as the temperature in-
creases. Initial degradation observed between 30 and
130 °C can be attributed to the moisture removal
from the fibers. The second stage of degradation is
due to the pyrolysis of cellulose and hemicellulosic
content of fibers, which can be observed between
130 and 380°C. Removal of lignin compounds from
the surface of fibers due to pyrolysis was the reason

% 100Crystallinity Total area under the curve
Crystalline area

$=! $
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Table 1. Nomenclature for specimens prepared by extrusion-
injection molding.

Specimen name Nomenclature
PLA Poly(lactic acid)
Bio PBS Bio based poly(butylene succinate)
SF Sisal fiber
USF Untreated sisal fiber
10SF 10 wt% sisal fiber loading
20SF 20 wt% sisal fiber loading
30SF 30 wt% sisal fiber loading
SF/PLA or SF_PLA Sisal fiber-based PLA composite.
SF/bio PBS or SF_bio PBS Sisal fiber-based bio PBS composite.
EIM Extrusion-injection molding



for the third phase of thermal degradation of SFs,
which was observed between 350 and 700°C [25].
Figure 4b shows the DTG peaks for each step of
degradation indicated by the TGA curves. The peaks
of the DTG curve describe the weight loss rate
[µg/min] against temperature. The degradation peak
around 65°C represented moisture evaporation from
sisal fibers when heated. The degradation peak around
290°C shows the thermal breakdown of hemicellu-
lose. A maximum weight loss of 1.3 mg/min around

356°C can be observed because of the pyrolysis of
the cellulosic component of the fibers [25, 26].

3.4. Mechanical properties of biocomposites
3.4.1. Tensile properties
The effect of fiber content on the mechanical prop-
erties of developed biocomposites has been analyzed
and summarized in Figure 5, and values are tabulated
in Table 2. According to Figure 5a, the tensile strength
of PLA/SF composites increased as the sisal fiber
weight percentage increased to 20 wt% (45.12 MPa)
and thereafter, reduced to 39.72 MPa at 30 wt% fiber
concentration. The decrease in tensile strength after
achieving the maximum value may be attributed to
fiber agglomeration, which minimizes the fiber-ma-
trix interfacial surface interaction in composites. Sub-
sequently, the applied load is not effectively trans-
ferred from the matrix to the stiff fibers. Adding more
fibers also causes non-uniform fiber dispersion in the
PLA matrix [27, 28]. In the case of bio PBS/SF com-
posites, the tensile strength decreased initially; there-
after, it was found to increase, with a maximum value
of 29.12 MPa at 30 wt% of fiber loading. Adding SFs
increased the strength of SF/bio PBS composites due
to the uniform distribution of  SFs that enable better
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Figure 2. SEM images of untreated sisal fiber at different magnifications: a) 100×, b) 500×, c) 2000×.

Figure 3. Typical stress-strain curve of USF.



load transmission. The existence of similar phenom-
ena was observed in the study of bio PBS/PLA/Bam-
boo fibers based composite materials [29].
It is evident from Figure 5b that the tensile modulus
of all PLA/SF and bio PBS/SF composites have a
higher value than those of the respective pure matrix.
The amount of fiber content in the matrix signifi-
cantly impacts the increase in tensile modulus. The

tensile modulus of PLA/SF composites increased by
approximately 14.0, 33.5, and 68.1%, respectively,
when 10, 20, and 30 wt% of SF were added to the PLA
matrix. Similarly, the tensile modulus of bio PBS/SF
composites increased by 8.8, 171.5, and 279.7%, re-
spectively. The addition of stiff SFs improves the
stiffness of the polymer composite. As developed
composites are rigid, a given quantity of strain within
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Figure 4. a) TGA and b) DTG curves of untreated sisal fiber.

Figure 5. a), b) Tensile and c), d) flexural properties of biocomposites.



elastic limits necessitates higher tension. As a result,
the tensile modulus of composites increased [30].

3.4.2. Flexural properties
The flexural properties of PLA/SF and bio PBS/SF
composites were evaluated under a three-point bend-
ing load, and the results are shown in Figures 5c and
5d. The maximum flexural strength values of the
PLA/SF and bio PBS/SF composites were 87.00 MPa
(at 20SF/PLA) and 46.09 MPa (at 30SF/bio PBS),
respectively, demonstrating good stiffness and high-
er rigidity. The flexural modulus significantly in-
creased as the fiber content increased. An enhance-
ment of 48.4% (with 30 wt% of SF) and 228.5%
(with 30 wt% of SF) was found to be the maximum
in SF/PLA and SF/bio PBS composites, respectively.
Compared to bio PBS/SF biocomposites, PLA/SF
biocomposites have less percentage change in tensile
and flexural characteristics. This difference might be
attributed to SF/bio PBS composites having better
interfacial bonding and good processability with
sisal fibers than SF/PLA composites.

3.4.3. Impact strength
As depicted in Table 2, the results reveal that fiber
loading reduced the impact resistance of the devel-
oped biocomposites. The lower interfacial strength
between matrix and sisal fibers may lead to the low-
impact energy absorption of developed composites.
The increased fiber loading creates stress concentra-
tion sites at the fiber-matrix interface, which leads
to decreased impact strength of developed biocom-
posites [31]. The chemical constituents, matrix char-
acteristics, interfacial bond strength between the ma-
trix and fiber, and the void content significantly
influence the impact strength of biocomposites.

3.5. Morphological analysis of developed
composites

The SEM images of fractured surfaces after tensile
testing of the SF/bio PBS and SF/PLA composites
are depicted in Figure 6. In Figure 6, the first three
images (Figures 6a–6c) describe the morphology of
SF/bio PBS composites with 10, 20, and 30 wt%
fiber content, respectively. Similarly, the last three pic-
tures (Figures 6d–6f) describe the morphology of
SF/PLA composites. The SEM micrograph (Figure 6c)
of the 30SF/bio PBS composite has shown better
fiber-matrix interaction when compared to 10 and
20 wt% SF/bio PBS composites. The strong fiber-
matrix interaction promotes load transfer between
the matrix and untreated sisal fiber. Also, Figure 6c
shows fiber breakage. Fiber breakage is only con-
ceivable when strong interfacial adhesion exists be-
tween the matrix and fiber. On the other hand, as seen
in the 10SF/bio PBS composite (Figure 6a), weak in-
terfacial bonding (fiber debonding) inevitably leads
to fiber pull-outs and voids. However, fewer fiber
pull-outs were observed in 30SF/bio PBS composite
(Figure 6c), proving that 30 wt% of sisal fiber load-
ing has good compatibility with bio PBS [32].
The mode of fracture of composites made of
10SF/PLA, 20SF/PLA, and 30SF/PLA under tensile
loading is depicted in Figures 6d, 6e, and 6f, respec-
tively. The absence of adequate adhesion between the
constituents in the composites leads to fiber pull-outs,
as we can observe in 10 and 30 wt% SF/PLA com-
posites [30]. These micrographs also revealed voids,
fiber bending, and PLA matrix cracking (due to stress
concentration). 30SF/PLA (Figure 6f) has demon-
strated a weaker fiber-matrix interface than its coun-
terparts. In the case of 10SF/PLA and 30SF/PLA com-
posites, weak interfacial bonding inevitably causes
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Table 2. Mechanical properties of developed composites.

Composition Tensile strength
[MPa]

Tensile modulus
[GPa]

Flexural strength
[MPa]

Flexural modulus
[GPa]

Impact strength
[J/m]

Neat PLA 43.00±3.81 1.40±0.04 83.28±2.97 4.08±0.10 74.28±1.34
10SF_PLA 44.13±0.40 1.60±0.01 85.93±1.31 4.62±0.04 33.70±1.50
20SF_PLA 45.12±0.47 1.87±0.07 87.00±2.54 5.22±0.19 44.34±2.75
30SF_PLA 39.72±2.51 2.36±0.08 75.29±3.50 6.06±0.40 54.30±0.80
Neat bio PBS 26.93±3.68 0.22±0.01 37.70±1.58 0.61±0.02 87.75±1.17
10SF_bio PBS 24.87±1.24 0.24±0.05 35.65±3.33 0.85±0.01 38.74±3.57
20SF_bio PBS 27.04±0.65 0.60±0.01 38.19±1.52 1.27±0.04 48.16±3.00
30SF_bio PBS 29.12±1.75 0.84±0.05 46.09±2.87 2.02±0.13 72.14±9.93



fiber pull-outs and voids, leading to poor mechanical
properties.
From the SEM micrographs, we can observe that
30SF/bio PBS (Figure 6c) and 20SF/PLA (Figure 6e)

have shown better results than their counterparts,
which was also substantiated by respective mechan-
ical properties and degree of crystallinity of these
composites.

K. S. Kumar et al. – Express Polymer Letters Vol.17, No.10 (2023) 992–1006

999

Figure 6. SEM images of a)–c) SF/bio PBS and d)–f) SF/PLA biocomposites after tensile testing.



3.6. Thermal properties of biocomposites
The weight loss of the biocomposites varies accord-
ing to temperature, as demonstrated in Figures 7a
and 7d. The thermal degradation pattern is consistent
across all biocomposites. Due to the inclusion of
sisal fibers into the matrix, the thermal degradation
temperature of the developed biocomposites was

slightly reduced. This may be because the relative
molecular mass of the matrix was reduced, and the
amount of the fibers increased leading to higher cel-
lulose, hemicellulose, and lignin content in the com-
posites. Since these chemical constituents of fiber are
prone to thermal degradation, therefore, a decrease
in the degradation temperature of biocomposites was
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Figure 7. TGA (a), (d), weight reduction (b), (e), and DTG graphs (c), (f)  for SF/PLA and SF/bio PBS composites, respec-
tively.



observed [33]. In Figures 7b and 7e, a graphic repre-
sentation of the weight loss [%] with the temperature
is shown. It can be seen that, at the temperature
ranges of 287–316, 318–340, 332–353, and 345–
365°C, respectively, all SF/PLA biocomposites lost
5, 25, 50, and 75% of their weight.
Similarly, in the case of SF/bio PBS composites, tem-
perature ranges for similar weight loss [%] are 289–
355, 355–397, 379–466, and 395–480°C, respective-
ly. From the results, it can be observed that SF/bio PBS
biocomposites have better thermal stability than
SF/PLA composites. Figure 7d shows the weight loss
curves for the SF/bio PBS composites. Results showed
that up to 200 °C, biocomposites had similar thermal
stability as the pristine matrix. However, the thermal
degradation behavior changed significantly when
sisal fiber concentration increased to 30 wt% due to
the lower thermal stability of constituents (cellulose,
hemicellulose) of fibers [33]. The weight loss of the
developed biocomposites with respect to tempera-
ture variation is categorized into three stages. The
weight loss at 75–160 °C (SF/PLA composites) and
75–190 °C (SF/bio PBS composites) is related to
moisture evaporation in the SF. Weight loss in the
temperature range of 370 and 471°C for SF/PLA com-
posites and between 420 and 493 °C for SF/bio PBS
composites is attributable to the pyrolysis of residual
lignin and the pyrolysis of the matrix [33]. The peak
in DTG curves for the SF/PLA and SF/bio PBS com-
posites are depicted in Figures 7c and 7f, respective-
ly. The highest weight loss was recorded between
255 and 370°C for SF/PLA composites and between
250 and 420 °C for SF/bio PBS composites, repre-
senting the pyrolysis of the matrix and hemicellulose
as well as cellulose present in the fibers. A compa-
rable thermal disintegration pattern was determined

for all biocomposites, indicating that thermal degra-
dation behavior is not significantly impacted by fiber
loading in the case of the developed composites.
Figure 7f demonstrates that the virgin bio PBS only
exhibits one degradation stage in the DTG profile,
whereas composites exhibit two degradation steps.
The degradation of the sisal fibers causes the first
degradation to occur at 290°C, while the degradation
of the bio PBS matrix is responsible for the second
degradation, which occurs at 401 °C [31, 35]. In the
case of SF/bio PBS composites, the introduction of
fibers resulted in a new interface (between fiber-ma-
trix) which results in a change of thermal degrada-
tion mechanism, and therefore, the developed com-
posites depicted two degradation peaks. Regarding
the 10SF/bio PBS composite, we can observe the in-
tense peak similar to the neat PBS degradation peak
stated that 10SF/bio PBS follows the pristine PBS
degradation process rather than the composite degra-
dation process because 10SF/bio PBS has inade-
quate fiber content to be compatible with bio PBS.
This is also evidence of decreased mechanical prop-
erties at 10SF/bio PBS. TGA and DTG results can
be used to select operating conditions for the fabri-
cation of biocomposite products. It is necessary to
keep the processing temperature below 250 °C to
prevent the thermal deterioration of developed bio-
composites.

3.7. XRD analysis 
The characteristics of biocomposites are substantial-
ly influenced by the crystallinity level. XRD analysis
was used to assess the effect of sisal fiber loading on
the crystallinity of the biocomposites. The XRD spec-
tra for the surface of biocomposites are displayed in
Figure 8. The software (Origin 2022b) was adopted

K. S. Kumar et al. – Express Polymer Letters Vol.17, No.10 (2023) 992–1006

1001

Figure 8. XRD spectra of a) SF/PLA and b) SF/bio PBS biocomposites.



to interpret the obtained data and calculate the total
and crystalline area under the curve. The XRD pat-
terns of pure PLA and SF/PLA green composites are
shown in Figure 8a. XRD patterns of virgin PLA ex-
hibit only one broad peak without sharp peaks at about
2θ = 16.44°. In the XRD spectra of SF/PLA compos-
ites, a single diffraction peak is detected, and the
strength of this peak is ascertained to be greater and
sharper than that of virgin PLA, suggesting increased
crystallinity. In SF/PLA composites, comprising 10
to 30 wt% SF, the degree of crystallinity was almost
14.77, 17.88, and 16.81%, respectively [30, 36]. As
illustrated in Figure 8b, the XRD for bio PBS pro-
vides three diffraction peaks at 19.6°, 21.71°, and
22.56° (with a variation of about ±0.2° [37]). The in-
clusion of fibers encourages structural alterations,
and plane peaks frequently merge and change inten-
sities [37]. From the results, the crystallinity index
of pristine bio PBS was 37.03%, which was identi-
fied as a semi-crystalline polymer [38]. A degree of
crystallinity of almost 33.04, 34.84, and 41.13% was
obtained in SF/bio PBS composites comprising 10,
20, 30 wt% SF, respectively. Significant peaks be-
tween 16.44° and 22.56° in these composites con-
firm the existence of cellulose-I (existed between the
fiber-matrix interface), proving the polymorphic na-
ture of the composite structure. An interface between
the fibers and the matrix can be created during ex-
trusion as fibers and polymer pellets are compound-
ed. Subsequent processing (injection molding) can
improve the interfacial characteristics between con-
stituents, increasing the crystallinity of composites.
Compared to their counterparts, the crystallinity of
the 20SF/PLA (20 wt% SF with PLA matrix) and
30SF/bio PBS (30 wt% SF with bio PBS matrix)
biocomposites was found to be the highest. Gener-
ally, in plant fibers, cellulose is made of hydrocar-
bons, which determine the crystallinity of fibers and
provide strength and stiffness because cellulose itself
acts as a reinforcement in microfibrils of fibers. In
biocomposites, natural fibers act as nucleating agents,
changing composites’ structural order. Therefore,
cellulose and hemicellulose content in fibers affect
the crystallinity and subsequently the mechanical
and thermal properties of biocomposites.

3.8. DMA results
Figure 9 depicts the temperature-dependent variation
of storage modulus (E′), loss modulus (E″), and tanδ
of the SF/PLA and SF/bio PBS composites. Figures 9a

and 9d have shown the temperature-dependent
areas where the physical state of the neat polymers
and their biocomposites has changed. The polymer
and its biocomposites are often rigid and hard in
the glassy zone (in the case of SF/bio PBS compos-
ites, the measurement starts at a temperature lower
than –45 °C so that we can observe a very narrow
region in Figure 9d). Beyond this zone, the material
starts deforming due to increased temperature.
Hence the behavior of the material has changed. At
room temperature (around 30 °C), PLA is hard and
brittle because it is in a glassy region, whereas bio
PBS is soft and ductile as it is in the rubbery zone.
From Figures 9a and 9d, when SF is added to the
matrix, E′ significantly improves, which may be at-
tributed to the better stress transfer efficiency be-
tween fiber and matrix [34]. The greater the value of
E′, the more rigid the material and the lower its de-
formation capacity. The movement of polymer mo-
lecular units and side groups is closely correlated
with E′ values [19]. The findings show that the E′ val-
ues for all composite specimens are higher in the
glassy region (rigid zone) since the material is hard
and has lower deformation capacity in the glassy re-
gion, resulting in significant resistance to movement
in the molecular chain. As the temperature increases,
the values of E′ slowly decline because of the reduc-
tion of stiffness in the fiber and improved molecular
mobility of biopolymeric chains (increased temper-
ature weakens the intramolecular bond strength of
polymeric chains) [39]. At ambient temperature,
SF/PLA composites are in the glassy region, whereas
SF/bio PBS composites are in the rubbery zone and
are ductile at room temperature. A sudden fall in
E′ was recorded for the SF/PLA specimens and
SF/bio PBS specimens, respectively, in the temper-
ature ranges of 55 to 65 °C and –45 to 0 °C, corre-
sponding to a reduction in stiffness at the glass
transition zone (Tg) [40, 41]. The 20SF/PLA
(14232.69 MPa) and 30SF/bio PBS (11749.10 MPa)
composites have higher storage modulus than their
counterparts, associated with enhanced interfacial
bonding between composite constituents as a result
of the bolstering of interfaces. The storage modulus
of 20SF/PLA and 30SF/bio PBS composites was al-
most 67 and 170% higher than the E′ of the PLA ma-
trix and bio PBS matrix, respectively. Furthermore,
an increase in crystallinity could contribute to the
growth in the storage modulus of the 20SF/PLA and
30SF/bio PBS composites. The increase in crystallinity
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indicates a rise in the number of crystalline regions
in the composites, which could serve as reinforce-
ment or cross-linking for the amorphous areas, in-
creasing the load-bearing properties of the 20SF/PLA
and 30SF/bio PBS composites.
The viscous reaction of a substance is usually re-
ferred to as the loss modulus (E″). It concerns the

movement of polymeric chains in composites that
have been produced. Figures 9b and 9e show that the
loss modulus of 30SF/PLA (2238.87 MPa) and
30SF/bio PBS (808.63 MPa) composites are signifi-
cantly higher than that of virgin polymers. The mo-
bility of polymer molecular chains is impeded and
causes a rise in the viscosity of biocomposites because
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Figure 9. Storage modulus (a), (d), loss modulus (b), (e), and tanδ (c), (f) for SF/PLA and SF/bio PBS composites, respec-
tively.



fibers increase stiffness and restrict the movement
of polymeric chains in the composites [30]. The loss
modulus of the 30SF/PLA and 30SF/bio PBS compos-
ites was around 74 and 89% greater than the loss
modulus of the PLA matrix and the bio PBS matrix,
respectively. Interfacial bonding between PLA and
SF is low compared to bio PBS and SF. Hence, the
increased percentile change in the loss modulus was
more in SF/bio PBS composites.
Tanδ is also known as the damping coefficient or the
loss factor. The loss factor is shown in Figures 9c and
9f as a function of temperature. The peak in the curves
for each developed composite decreased compared to
virgin polymers. It could be owing to the integration
of SF, which leads to an interaction of the matrix and
fiber, restricting the motion of polymeric chains. The
tanδ peak height is commonly used to evaluate the
damping capabilities of composites. Tanδ values for
pure PLA and pure bio PBS are 0.868 and 0.153, re-
spectively. On the other hand, the tanδ peak of the
composite decreases with the addition of sisal fibers,
which is due to interfacial interaction between the ma-
trix and the fibers, inhibiting molecular mobility.
According to the results of DMA, it is evident that
the increased percentile changes in E′ and E″ values
of SF/bio PBS composites were more than the SF/PLA
composites. It is because the fibers and matrix have
strong interfacial bonds and minimal defects during
the fabrication of these types of composites, as ob-
served in SEM analysis also.

4. Conclusions
The potential of sisal fiber as reinforcement for de-
veloping biodegradable SF/PLA and SF/bio PBS
thermoplastic composites was experimentally inves-
tigated. The current research findings suggest that
sisal fibers can be successfully incorporated into PLA
and bio PBS biodegradable polymers to produce bio-
composites. Extrusion-injection molding was used
to fabricate SF/PLA and SF/bio PBS biocomposites
with fiber content varying from 10 to 30 wt%. The
primary conclusions of the current investigation are
as follows;
• The maximum tensile and flexural strength of the

SF/PLA and SF/bio PBS composites were ob-
served at 20 and 30 wt% of fiber loading, respec-
tively. On the other hand, the tensile and flexural
modulus of developed composites increased with
an increase in fiber loading from 10 to 30 wt%

because the incorporation of rigid sisal fibers en-
hanced the modulus of biocomposites.

• The sisal fiber loading influences the thermal char-
acteristics of developed composites because in-
creased fiber loading results in increased cellulose
and hemicellulose content in composites, which is
thermally unstable at elevated temperatures.

• The degree of crystallinity of the 20SF/PLA (17.88%)
and 30SF/bio PBS (41.13%) biocomposites was
recorded to be maximum which consequently also
led to the better mechanical properties of these
composites.

• The SEM images have shown better fiber-matrix
interfacial bonding for 20 and 30 wt% of the sisal
fiber content for SF/PLA and SF/bio PBS compos-
ites, respectively. Fiber breakage was the major fail-
ure mechanism observed indicating good adhesion
between PLA/bio PBS and the sisal fibers.

• The storage and loss modulus of developed com-
posites increased with fiber loading from 10 to
30 wt%. The increased percentile change in me-
chanical, crystallinity, and DMA properties of
SF/bio PBS composites was found to be higher than
SF/PLA composites as compared to the neat poly-
mers.

Additionally, it has been concluded that short-sisal
fiber-based biocomposites have enormous potential
for usage in various lightweight, secondary load-
bearing, and non-structural applications, including
dashboards, door panels, and other interior parts of
automobiles. The produced biocomposites can also
be used as paperweights, phone cases, and mirror
casings. Thus for ensuring widespread commercial
application of sustainable composite materials, the
optimization of the fiber loading and development
of good quality, cost-effective fabrication/processing
techniques is necessary.
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1. Introduction
The packaging sector is the biggest global consumer
of petroleum-based plastics and the largest contrib-
utor to global plastic waste [1]. It is determined that
about 45% of the plastic packaging waste is used for
food packaging [2]. This has led to a surge in re-
search in the past decade in bio-based and biodegrad-
able polymers to substitute petroleum-based plastics
and offers a more sustainable production and waste
solution for food packaging [1, 3]. The shelf life of
plastic-packaged food products is specifically short
due to the short shelf life of food products. Oxygen
gas and moisture are particularly the two key factors
influencing the shelf life of food. Curbing the diffu-
sion of oxygen and moisture in packaging is essen-
tial to limit the initiation of biochemical spoilage re-
actions and microbial growth in packaged food. In

order to achieve this goal, the factors affecting the
solubility coefficient and diffusion of the packaging
must be carefully considered. These factors include
the processing method, chain orientation, degree of
crystallinity of the polymers, and the size and shape
of the penetrant. However, most of these factors are
not in favor of bio-polymers; for instance, the slow
crystallization rate and narrow processing window;
hence most bio-polymers suffer from poor barrier
properties [1].
Poly(lactic acid) (PLA) and poly(3-hydroxybutyrate-
co-hydroxyvalerate) (PHBV) are two of the most
produced bio-based and biodegradable polymers re-
cently being employed in food packaging. PLA is an
aliphatic polyester that can be derived via fermenta-
tion and chemical reactions from sustainable re-
sources such as corn starch, cassava, potato starch,
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rice, or sugar [4]. PLA is widely used in packaging
as film and coating [5]. Similar to most biopolymers,
PLA has its shortcomings. Slow crystallization rates,
high brittleness, and poor barrier properties to gases
such as oxygen, water vapor, and different aromas
urge PLA to be blended with other polymers and ad-
ditives to amend its properties to be more suitable
for food packaging applications [6]. PHBV is a subset
of poly hydroxyalkanoates (PHAs) and the copoly-
mer of polyhydroxy butyrate (PHB)-hydroxyvaler-
ate (HV) with significant ductility improvement over
PHB polymer. PHAs are produced mostly from
batch fermentation of bacteria and algae [7–9].
Many studies have been conducted on blends of PLA
with PHAs at different mixing ratios, processing
conditions, and for different applications. This is due
to the synergistic effect as well as complementary
properties [10–16] of these two polymers in the final
blend. Table 1 summarises the properties of PLA and
PHBV that are most important for food packaging
applications.
Employing PLA and PHAs in flexible food packag-
ing is specifically challenging due to the processing
difficulties such as narrow processing windows and
the brittleness of final products. Researchers em-
ployed different manufacturing methods to utilize
PLA-PHAs combination in films. Some of the most
notable works include solvent casting [26], compres-
sion molding [27, 28], and cast extrusion [29].
Guinault et al. [30] manufactured a multi-layer sheet
composite via a coextrusion process with a total
PLA:PHBV ratio of 90:10. The films’ ductility was
improved compared with neat PLA. The gas barrier
properties of the films were also improved due to an
increase in the crystallinity of the blend, which was
corroborated by the observance of ‘numerous long,

thin crystallized lamellae’ of PHBV in the layered
composite. However, for comparison, the cooling
time of final products in sheet extrusion (about 4 min)
is significantly longer than for the blown film extru-
sion (about 10 s ). This influences the molecular
arrangement and degree of crystallinity, leading to
higher barrier properties in sheet extrusion compared
to blown film extrusion.
Hernández-García et al. [28] manufactured 75:25 ratio
PLA-PHBV monolayer blends consisting of 15 wt%
polyethylene glycol (PEG)/polymer mass and an-
timicrobial compounds via extrusion blending and
compression molding. This study focused mostly on
end-of-life options and active biodegradation of the
blends, assuming the mixing ratio of the polymers
and additives is suitable for food packaging applica-
tions. However, it was found earlier that the compo-
nent contents can significantly affect the mechanical
properties of the final blends. The closest research
to the present study is the study done by Pietrosanto
et al. [31] where monolayer blown-extruded films
were manufactured from a melt-blended mixture of
PLA:PHB ranging from 60:40 to 80:20 wt% without
employing plasticizers. The resulting films showed an
increase in ductility of the films and the degree of
crystallization of PLA, hence, an improvement in
barrier properties of the final films.
The significance of the present study is due that many
papers reported a synergistic elongation at break in-
crease from 250 to 5750% for PLA:PHBV blends
with the ratio of 70:30 to 90:10 wt% [32–35], how-
ever, no studies have systematically investigated the
interactive effect of each mixing component on the
properties of the blend. We systematically explored
this synergistic elongation effect region for the first
time by defining a Mixture Design and identifying
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Table 1. Summary of the most important properties of PLA and PHA for food packaging applications, adapted from [1, 3,
17–25].

Property/Polymer PHAs PLA
Elongation at break [%] 1.4 to 5.5 0.5 to 9.2
Tensile strength [MPa] 20 to 40 37 to 66
Glass transition temperature [°C] –9 to 9– 55
Chemical resistance Poor Poor
Transparency Medium High
Water absorbance [%] 0.7 3.1

Oxygen gas permeation (OP) [cc.mil/(m2·day·atm)]
                 8   (23°C, 85%)
               85   (23°C, 0%)
             230   (25°C, 80%)

132–590 (23°C, 0% or 50%)

Water vapor permeation (WVP) [g·mil/(m2·day·kPa)]
             106   (23°C, 50%)
               30   (25°C, 100%)
               26   (37.8 °C, 100%)

63–342 (23°C, 85%)



the most effective responses [36]. Four mixing com-
positions out of twelve were chosen to be processed
into monolayer thin films based on their better ex-
hibiting mechanical properties, rheological proper-
ties, and composition differences. The present paper
studies the mechanical, barrier, and aesthetic prop-
erties of these films to understand and develop bio -
degradable flexible packaging based on PLA/PHBV
blends for application in food products.

2. Materials and methodology
2.1. Materials
The PHBV and PLA polymer grades with the mini-
mum difference in melting temperature were select-
ed to minimize the chance of immiscibility of the
blend. For PHBV, the polymer grade of ENMAT ther-
moplastic resin was supplied by TianAn Biopolymer
(Ningbo, China) with Tm = 180 °C and MFI = 8–
15 g/10 min, 180 °C, 2.16 kg). For PLA, Ingeo Bio -
polymer 2003D was supplied by NatureWorks (Min-
nesota, USA) with Tm = 160°C, MFR = 6 g/10 min,
210 °C, 2.16 kg), and D-lactide content of 4.3%.
This grade is suggested by the manufacturer as a
grade used as part of a formulated blend. Triethyl
citrate (C12H20O7) (CAS-No 77-93-0), liquid state at
room temperature, was used as a plasticizer with a
molecular weight of 276.28 g/mol and supplied by
Sigma Aldrich (Milwaukee, USA). An epoxy-func-
tionalized styrene acrylate chain extender (Joncryl
ADR 4468) was supplied by BASF, Singapore. Based
on the supplier’s claim, this polymeric chain exten-
der reacts specifically with polycondensation poly-
mers such as PLA and is used specifically for food
contact applications. All materials were used as re-
ceived without any treatment or modification.

2.2. Methodology
High values of melt strength and elongational vis-
cosity of a polymer blend at molten state are the pre-
requisites for maintaining a stable bubble during the
blown film extrusion process [37]. On the other hand,
flexible packaging made via blown extrusion nor-
mally has high elongation at break values (>500%).
Hence, a chain extender was added to the blend to
improve the melt strength of the blend. Plasticiser
was added to the blend to improve the elongation at
break and boost the synergistic elongational effect
of the blends. Mixture Design statistical analysis was
employed to consider the synergistic elongation ef-
fect between the PLA/PHBV blend components

within the 70/30 to 90/10 mixing ratios. PLA, PHBV,
TC, and ESA were chosen as mixing components.
Elongation at break and elongational viscosity were
chosen as response surfaces to be maximized. A
more thorough description of the statistical analysis
could be found in our earlier work  [36]. Figure 1
shows the simplex design plots of the mixing com-
ponent. The extreme vertices design in a quadratic
model with linear constraints of 0.82 < PLA + PHBV
< 0.95 was considered.
Rheological results and trial tests showed that all
twelve blends could be processed into blown films.
However, the mechanical properties tests showed
that batches 2, 3, 9, 10, 11, and 12 have the highest
elongational strain values (near 200%). These blends
all contained the highest plasticizer contents. Among
these six candidate batches, batches 2, 3, 10, and 12
were chosen for blown film extrusion. This is be-
cause these batches contain a range of high and low
PLA, PHBV, and ESA contents which would pro-
vide sufficient data for understanding the effect of
component ratios on the properties of the final films.
The material contents of selected batches for the
blown film extrusion process are shown in Table 2.
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Figure 1. The material components simplex design plots [36].

Table 2. The weight percent materials of testing batches based
on extreme vertices design in a quadratic model
Mixture Design.

Batch PLA PHBV Triethyl citrate Joncryl
2 76.8 8.2 15 0
3 73.8 8.2 15 3

10 57.4 27.6 15 0
12 57.4 24.6 15 3



2.2.1. Sample manufacturing
The virgin PLA and PHBV pellets were subjected to
a drying process at a temperature of 90°C for 3 hours,
which resulted in a moisture content of less than
0.025% (250 ppm). The PLA, PHBV, and ESA were
premixed and then fed to the extruder through the
hopper at a constant feeding speed. The TC was
added to the extruder through a tube that was con-
nected to a multi-syringe liquid pump (Cole-Parmer,
IL, USA) equipped with a 60 ml syringe. Chain ex-
tenders are compounds with low molecular weight
and bifunctional groups which have been reported to
increase the molecular weight of biopolymers such as
PLA and PHBV by engaging in a rapid reaction such
as reacting with terminal alcohol groups in poly-
esters [38, 39]. The extrusion process was carried out
using a co-rotating twin screw extruder (Labtech,
Samut Prakan, Thailand) with an L/D ratio of 40:1,
screw diameter of 25 mm, rpm of 75 and tempera-
ture profile of 160–180–185–190–185–180 °C for
the different extrusion zones. The extruded filaments
were then cooled down using an air-powered convey-
er and wound onto filament spools. Some of the fil-
aments were separated and used as a test sample for
further mechanical tests. The remaining filaments
were pelletized using an automatic pelletizer (Labtech,
Samut Prakan, Thailand) to produce samples for rhe-
ological studies.
To manufacture monolayer film, the collected pel-
letized polymer blends were fed to a single screw
blown film extrusion machine (Friend Machinery,
Zhangjiagang, China) with an L/D ratio of 25, screw
diameter of 25 mm and annular die diameter of
42 mm at rpm of 19 and heating profile of 170°C for
all zones. The blown film made from each batch was
collected at the end of the machine via a mechanized
thin film roller.
A set of compression molded films were manufac-
tured to draw a comparison with blown film extrud-
ed samples. These samples were extruded, blended,
and pelletized, similar to the rest. The blends were
compression molded in the following sequence: The
blend pellets (nearly 10 grams) were placed in the cen-
ter of an aluminum frame with a thickness of 0.1 mm.
Using a hydraulic press (Labtech, Samut Prakan,
Thailand), the pellets were preheated to 180°C at the
point of contact of upper and lower heating plates
for 4 min so that all pellets were molten and evenly
spread across and within the frame. The molten mate-
rials were compressed for 1 min at 160 bar and then

cooled to room temperature. The cooling time was
set to 4 min. The compression molded samples were
used only in oxygen transmission rate due to test
limitations involved with water vapor permeability
and mechanical properties.

2.2.2. Mechanical properties characterization
Tensile strength and elongation at break
Tensile strength, Young’s modulus, and elongation at
break of blown film samples were tested in both ma-
chine directions (MD), complying with ASTM
D882-18 standard. The tests were conducted via a uni-
versal tensile testing machine (Instron 5567, Instron,
Massachusetts, USA). A set of rubber-lined grips were
used to hold the thin films in place. Strips of uniform
thickness with a width of 15 mm were cut as test
samples. An initial grip separation of 250 mm and a
grip separation speed of 25 mm/min were used to de-
termine the modulus of elasticity. To determine ten-
sile strength, the initial grip separation was changed
to 50 mm and crosshead speed to 500 mm/min. 

Tear resistance
Tear-propagation resistance of the blown films was
measured via the single-tear or trouser tear method
based on ASTM D1938-19 standard via a universal
tensile testing machine (Instron 5567, Instron, Mas-
sachusetts, USA). Sets consisting of at least five sam-
ples of 25×75 mm with the same thickness (varied
between batches) were tested in both machine and
transverse directions. The grip-separation speed was
set to 250 mm/min. The test was continued until the
tear was propagated through the entire unseparated
part. A load [N] vs. time [s] graph was produced for
each test. An average tear propagation force was cal-
culated based on the films’ performances. The initial
force and maximum load point were used for highly
extensible samples. For the non-extensible samples,
the load was averaged over a 25.4 mm interval, dis-
regarding the final and initial parts of the graph.

2.2.3. Barrier properties
Oxygen gas transmission rate
The oxygen gas transmission rate (O2GTR) of the
blown extruded films was measured by MOCON
OX-TRAN® 2/10 (MN, USA) according to the
ASTM F1927 standard. The tests were conducted at
a recommended 10 sccm steady-state flow for oxygen
gas (test gas), 0% relative humidity level for both the
test gas and the carrier gas, and at a testing temperature
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of 23°C. In this test, the oxygen molecules permeate
through the film, transporting them via a mixture of
98%-nitrogen/2%-hydrogen gases (carrier gas) to the
coulometric device. The coulometric device generates
a linear output as predicted by Faraday’s law. In prin-
ciple, four electrons are produced by the detector for
each molecule of oxygen that passes through it. The
amount of permeated oxygen was determined propor-
tionately to the generated electric current. All test
samples were cut via a 13 cm diameter annular cut-
ting die to minimize the possible error due to varia-
tions of the area between the unmasked section of the
samples. Each result was obtained from an average
value from at least three samples. Samples were con-
ditioned for 3 hrs before the tests. Conditioning in this
test denotes the following sequence:
1. Before a measurement is taken, the samples are

placed in the testing cell.
2. Test gas flows into the test cell, and oxygen mol-

ecules permeate the testing sample so that the
sample reaches an equilibrium state with the test-
ing condition. 

The testing area of each film was 50 cm2. Each film
took 10 testing cycles, each cycle being 30 min, and
the final permeation value was measured when the
oxygen transmission rate (OTR) reached a constant
level. To ensure that the coulometric sensor indicates
the correct value for each specimen, the sensor was
calibrated via the National Institute of Standards and
Technology (NIST) certified calibration film with
the O2GTR of 0.198700 cc·mil/(pkg·day). The
O2GTR and permeance (PO2) were determined as
Equations (1) and (2):

(1)

(2)

where Ee is the steady state O2GTR level
[cc·mil/(m2·day·atm)], E0 is zero O2GTR level
[cc·mil/(m2·day·atm)], A is specimen area [m2] and
P is the partial pressure of oxygen [atm], the mol
fraction of oxygen multiplied by the total pressure
(nominally, one atmosphere) in the test gas side. The
partial pressure of O2 on the carrier side is zero.

Water vapor transmission rate
The water vapor transmission rate (WVTR) test was
carried out based on ASTM E96/E96M-16 standard.

All the samples were cut via a 70 mm diameter an-
nular cutting die to minimize the possible measure-
ment error by keeping the exposed section of all
samples equal, hence normalizing the passage of
water vapor from outside the mouth section of the test
vessels for all test specimens. Distilled water was
poured into the light test vessels to a level of 20 mm
from the specimen. Test dishes were placed in a con-
trolled environment chamber with relative humidity
maintained at 50% and temperature at 23°C for a pe-
riod of two months. The test assemblies were weighed
once a day during this period to determine the rate of
water vapor movement through the test films. To
cancel out the possible adverse effect of the environ-
ment on the test dishes, an aluminum-foil-covered
dish and an empty dish (a dummy unit) were also pe-
riodically weighed. The aluminum-foil-covered dish
indicated the water that escaped through the water-
repelling-grease used as a sealant for each test as-
sembly. The empty dish indicated the weight changes
of the test dish due to atmospheric conditions. An
analytical balance sensitive to 0.0001 g was used for
weighing. Water vapor transmission and permeance
were calculated as Equation (3):

(3)

where G is a weight change [g], t is time [h], G/t is
the slope of the straight line [g/h], A is the test area
or the cup mouth area [m2] and WVT is the rate of
water vapor transmission rate [g/(h·m2] (Equa-
tion (4)):

(4)

where Δp is a vapor pressure difference [mmHg,
1.333·102 Pa], S is saturation vapor pressure at test
temperature [mmHg, 1.333·102 Pa], R1 is relative
humidity at the source expressed as a fraction in the
dish, and R2 is relative humidity at the vapor sink ex-
pressed as a fraction. Average permeability was cal-
culated as Equation (5):

(5)

The Equation (6) is used to correct the excess WVT
due to edge masking:

(6)
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where t is specimen thickness [m], b is the width of
masked edge [m], and S1 is four times the test area
divided by the perimeter [m].

3. Results and discussion
3.1. Mechanical properties
Four batches out of twelve were chosen to be
processed into thin films. Although more than four
blends had the capability to be filmed, however batch-
es 2, 3, 10, and 12 were selected to provide the widest
diversity of compositional content. For instance, the
material contents in batch 9, which was also capable
of being blown filmed, are close to batch 10. Hence
batch 9 was omitted. This method was chosen to min-
imize the number of tests and identify the major dif-
ferences in properties for the selected samples. If one
sample is identified as best performing, the batches
with close material contents would subsequently be
investigated.
It is known that the mechanical properties of
PLA/PHBV blend near 70:30 to 90:10 mixing ratio
undergo a significant decrease within a month [32].
To consider this behavior, the manufactured films
were stored in a freezer overnight, and the mechan-
ical properties characterization was completed with-
in 24 hrs of the processing time. Figure 2 shows the
average tear propagation force obtained by the trouser
tear resistance test for the four chosen blown film
extruded samples. Upon initial inspection, it is ob-
served that the tear propagation force is higher for
the samples in the transverse direction compared with
the sample where the slit is in the machine direction.
It is commonly known that due to the existing shear
forces in the extrusion barrel, polymer molecules tend
to align along the length of the barrel to die direction,

also known as the machine direction. Hence the
polymer molecules are more intertwined in the ma-
chine direction than in the transverse direction. This
means propagating the tear from a slit created in the
structure of the processed film; it requires more force
when the slit direction is perpendicular to the ma-
chine direction than when it is parallel to it.
Although in the blown film extrusion process, the
bubble stretches the polymer in a transverse direc-
tion hence providing molecular orientation in the
transverse direction, however, the polymer orienta-
tion would depend on both the blow-up ratio (BUR)
and draw-down ratio (DDR). The BUR is the ratio of
the final diameter of the tube to the diameter of the
die, and the DDR is the ratio of the thickness of the
extrudates exiting the die, i.e., the die gap to the final
film thickness. Table 3 presents the BUR and DDR
of the processed films. 
The significant tear propagation force difference be-
tween Samples 2 and 3 could be attributed to the
presence of a joncryl chain extender in Sample 3. The
formation of longer PLA and PHBV polymer chains
due to chain extension could be associated with the
increase of the chance of molecular intertwining,
hence increasing the force required to break the in-
termolecular van der Waals forces via tearing. This
effect is also visible in comparison of Samples 10
and 12, where it takes more force to tear Sample 12
(containing a 3% chain extender) in the transverse
direction than to tear Sample 10 (containing no chain
extender). It also can be seen that all blends have tear
propagation force values at least 4.4 and 5.0 times
the virgin PLA in the machine direction and trans-
verse direction, respectively. This is a significant im-
provement to PLA, providing value to the produced
films regarding packaging products that require tear
propagation forces higher than virgin PLA. The ad-
dition of PHBV and plasticizer, specifically, adds to
the ductility of PLA, rendering it more tear resistant.
Figure 3 presents the obtained yield strength, ulti-
mate tensile strength, and modulus of the films from
the uniaxial tensile strength test. It is observed that
Sample 2 has a significantly higher (3.6 times high-
er) modulus than Sample 3, and similarly, Sample 10
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Figure 2. The average tear propagation force obtained by the
trouser tear resistance test of blown film extruded
samples.

Table 3. Properties of the samples related to the blown ex-
trusion process.
Sample name 2 3 10 12

Blow-up ratio (BUR) 02.00 01.50 01.50 01.50
Draw down ratio (DDR) 19.64 10.36 16.83 19.64



has a 26% higher modulus than Sample 12. The
prominent compositional difference here is that Sam-
ples 2 and 10, although at similar PLA:PHBV ratio
with Samples 3 and 12, both lack joncryl content in
their composition compared to Samples 3 and 12. As
established earlier [36], joncryl in addition to extend-
ing the chain lengths in most polyesters, when used
in a dosage similar to the one used in this research,
has a plasticizing effect in the blend as well. This ef-
fect increases the ductility of the blends containing
joncryl, hence lowering their modulus. The same
trend can be identified in the comparison of Sam-
ple 2 and Sample 10. In this case, both the triethyl
citrate and joncryl content are equal between the two
samples, but Sample 10 contains higher PHBV con-
tents than Sample 2. Although both PLA and PHBV
are considered brittle polymers, when blended, the
addition of PHBV adds ductility. Hence Sample 10,
with higher PHBV content, would be more ductile
than Sample 2, having a modulus of only 316 MPa.
The ultimate tensile strength from Samples 2 to 3
and Samples 10 to 12 decreases, however, this change
is not significant, and it could be concluded that all
samples have a tensile strength in the range of 20 to
25 MPa, considering the standard deviation range.
Sample 12 stands out from all samples, presenting a
different set of tensile properties. Although it follows
the trend of other samples in modulus, as explained
earlier, it has an ultimate tensile strength higher than
Sample 10, although it contains triethyl citrate con-
tents. This could be associated either with the syn-
ergistic effect between the components or the pres-
ence of the chain extender that when the formulation
enters the plastic deformation region, it can with-
stand higher tensile forces compared to Sample 10,

which contains no chain extender. The increase in
chain length could also be associated with the in-
crease in ultimate tensile strength.

3.2. Barrier properties
3.2.1. Oxygen gas permeability
Permeation of a gas or vapor through a polymer ma-
terial occurs by the following sequence: absorption
of permeant molecules into the surface of the poly-
mer, solubility, and diffusion of the permeant mole-
cules through polymer chains, and desorption from
the opposite polymer surface. The difficulty involved
in this process is measured and referred to as gas
transmission rate, permeation, and permeability by the
researchers and the industry. Permeation accounts
for the time involved, the effective surface area of
the polymer, the pressure the experiment was con-
ducted under, and the volume of permeant passed
through the thin film. Permeation is independent of
the thickness of the test sample because it is obtained
by multiplying the testing film thickness by the gas
transmission rate. Hence permeability can be used to
compare the barrier performance of different materi-
als given that the testing conditions, such as pressure,
relative humidity, and temperature, remain the same.
The measured oxygen gas permeability of all sam-
ples is presented in Figure 4. The permeability of
blown extruded samples was compared with com-
pression molded samples to broaden the comparison.
In the sample names, ‘A’ denotes PLA, ‘B’ denotes
PHBV, and ‘J’ denotes a joncryl chain extender. For
example, the A60-B40 sample has a PLA:PHBV
ratio of 60:40 percent, and 49.5A-49.5B-J1 has
49.5% PLA, 49.5% PHBV and 1% joncryl chain ex-
tender (hence 0% plasticizer). Pure PHBV could not
be blown to film due to its low melt strength; hence
it was only compression molded. On the blown film
extruded samples, Samples 3 and 12 show higher
permeation values compared to Samples 2 and 10,
denoting the adverse effect of the joncryl chain ex-
tender on oxygen gas permeation through the blend
formulation compared to samples without chain ex-
tender contents. This effect is seen once again in com-
parison of Sample A50-B50 with A49.5-B49.5-J1,
where the latter has 2.6 times an inferior barrier. One
reason to explain this effect could be that the amount
of joncryl that was not reacted with terminal hydrox-
yl groups in polymer (excess joncryl content), which
act as a plasticizer, facilitate the passage of oxygen
molecules through the created spaces between the
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Figure 3. Comparison of the yield strength, ultimate tensile
strength, and Young’s modulus of the blown ex-
truded film samples.



polymer chain. Some studies pointed out the deteri-
oration of oxygen barrier performance by incorpo-
rating joncryl due to a possible less perfect arrange-
ment of new crystal structures from branching or
crosslinking chain structures and hence a lower crys-
tallinity of the compound [40].
The oxygen permeation of blown extruded pure
PLA (395.6 cc·mil/(m2·day)) is higher than but rel-
atively close to the compression molded pure PLA
(305.7 cc·mil/(m2·day)). This is expected as PLA
polymer molecules in compression molding experi-
ence a longer (roughly 4 min compared to 8 s) cool-
ing time to arrange and form crystals compared to
almost instant cooling in blown film extrusion. This
takes to account that PLA is a semi-crystalline poly-
mer. It also provides a good basis for comparing the
permeability of different samples. For instance, in
blown extruded samples, although it was expected
to observe a permeability decrease from Sample 2
to Sample 10 because Sample 10 has a higher
PHBV content, the permeability increases. But in
compression molded samples, oxygen permeability
decreases with the increase of PHBV. For example,
permeation in Samples A70-B30, A60-B40, and
A50-B50 is 192.7, 47.4, and 24.3 cc·mil/(m2·day),
respectively.

One comparison that comes as a key to resolving the
contrasting results from the effect of the increase of
PHBV content on the permeability of the blend is
the comparison of the A90-B10 sample vs the com-
pression molded pure PLA. Here, with the addition
of 10% PHBV with a measured oxygen permeability
equal to 8% of PLA (25.4 cc·mil/(m2·day)) with PLA,
the oxygen permeability of PLA increases by 72%.
This comes hand in hand with the premise of this
study which was based on the synergistic effect of
PLA/PHBV blend when the PHBV content is at
around 10 to 30%. This synergistic effect is identified
in the elongation at break in other studies [32, 40].

3.2.2. Water vapor permeability
The water vapor permeation (WVP) of manufac-
tured films is presented in Figure 5. The water per-
meability of PLA at 23 °C and 85% relative humid-
ity is reported in the literature between 63–
342 g·mil/(m2·day·kPa) [1, 21, 24] while we found
it at 393 g·mil/(m2·day·kPa). This value is slightly
higher than the highest reported value in the litera-
ture. However, there are two main differences be-
tween this and the reported values. First, this test was
conducted in standard condition (RH at 50%, which
is lower than the reported 85%). The permeability
coefficients of PLA are reported to decrease with the
increase in moisture content [41]. Second, the films
were blown extruded rather than melt cast or calen-
dered. It is more plausible that blown extrusion could
reduce the barrier properties of the films. Alterna-
tively, pure PLA film is very crinkly, so when the
bubble is formed and the tube is narrowed down and
folded by the take-up nips, many creases are made
on the surface of the film. The creases could be po-
tential failure points that may lead to increased water
vapor permeation of a blown extruded brittle film
compared to a non-creased melt casted film.
Samples 2 and 10 show the lowest, and Samples 3
and 12 show the highest permeability values. The
presence of trace joncryl contents in Samples 3 and
12 clearly indicates that the presence of a joncryl
chain extender is the only reason for the significant
increase in the water vapor permeability of the films,
regardless of the PLA/PHBV ratio. This behavior
could be attributed to the increased molecular polar-
ity of the blends containing chain extenders. Further-
more, joncryl is a multifunctional compound contain-
ing an epoxy functional group. This can facilitate the
formation of secondary hydrogen bonding between
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Figure 4. Oxygen gas permeability of blown film extruded
samples in comparison with compression molded
samples.



the surface of the films and the water vapor mole-
cules, leading to faster absorption of water vapor
particles and an increased WVP value. In total, the
addition of 3 wt% chain extender increased the WVP
of Sample 2 by 142% and Sample 3 by 203%.
By comparing Sample 2 with 10 and Sample 3 with
12, it can be deduced that the increase of PHBV con-
tent improved the water vapor transmission rate of
Sample 2 by 38% and Sample 3 by 11%. It can be
seen again that the effect of the chain extender with
the epoxy functional group is dominant compared to
the effect of the increase of PHBV content in reduc-
ing the WVP when comparing the proportion of re-
duced WVP between Samples 2 and 10 and with
Sample 3 and 12. By observing the WVP value of
pure PLA film that was blown extruded with the very
same processing condition as the other four samples,
it can be concluded that the addition of PHBV can
significantly improve the WVP of the PLA up to
55% (PHBV being added 27%). However, pure PLA
would still be a higher barrier to water vapor than a
PLA-PHBV blend containing an epoxy group con-
taining a chain extender. It would, however, be inter-
esting to see whether the same applies if a PLA-PHBV
blend would have less chain extender content, for in-
stance, up to only 0.3%.

3.3. Texture and haze
All the samples were manufactured at the same pro-
cessing conditions; however, as each had a different
material composition, the texture, and haze of each
sample were different from one another (Figure 6).
To indicate the texture and haze difference, samples
were placed in front of the same background scene
tion made to the background image was used as a
reference to texture and haze differences between
samples. It was observed in the bubble formation in
the processing stage and can be seen in Samples 3
and 12 that the blends leave a pronounced track in
the machine direction. This track for Samples 3 and
12 is quite wavy, especially in Sample 12, where this
effect is even more pronounced. However, this effect
in Sample 11 is not wavy but straight and much more
subdued. The waviness of the polymer track line in
the machine direction could be associated with the
presence of a chain extender in the blend composi-
tion.
The presence of a chain extender in the blends con-
taining PLA and PHBV polyesters leads to an im-
provement in melt strength. Although the melt strength
was not measured in this study, with the respect that
each batch contains a different content of PLA,
PHBV, and joncryl chain extender, it is expected that
each formulation has a different melt strength. This
means that to provide the best texture and minimize
the track line of polymers in the machine direction,
each batch could be processed at slightly different
processing conditions. This includes tweaking the
process temperature and screw speed and adjusting
the air pressure inside the bubble, and spinning the
speed of take-up nips. Being said, all the films in this
study were processed at the exact same processing
conditions.

4. Conclusions
In conclusion, twelve different blends of PLA/PHBV
with the addition of plasticizers and chain extenders
were investigated. Only four blends were suitable for
blown film extrusion, and these four were chosen to
provide a diverse range of compositional contents
for further analysis. The tear propagation force was
found to be higher in the transverse direction, which
was attributed to the molecular orientation of the
polymers in the extrusion process. Adding PHBV
and plasticizers improved the films’ tear resistance
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Figure 5. Water vapor transmission rate of blown film extrud-
ed samples, equilibrium over a two-month period.



compared to virgin PLA, making them suitable for
packaging products that require higher tear propaga-
tion forces. The modulus of the films was found to
be influenced by the compositional content, and the
addition of a chain extender and plasticizer reduced
the modulus of the films. The ultimate tensile strength
of the films was found to be in the range of 20 to
25 MPa, with Sample 12 standing out for having a
higher ultimate tensile strength. Overall, this study
provides valuable insights into the mechanical prop-
erties of PLA/PHBV blends and their potential ap-
plications in the packaging industry.
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1. Introduction
Self-healing is one of the most intriguing phenomena
in nature. Most organisms could self-heal themselves
when they suffer damage. Since White et al. [1] first
reported the self-healing polymers in 2001, many
scholars have attempted to introduce this brilliant
and biological concept into synthetic materials. In
the last decade, a series of self-healing polymers
have been emerged [2–4], which can repair their own
damage spontaneously in response to light, heat, or
other stimuli. Usually, self-healing polymers can be
classified into two distinct categories: extrinsic and
intrinsic self-healing materials. Due to the simpler

preparation process and the ability to achieve re-
healing, intrinsic self-healing materials are more de-
sirable to researchers. A common approach for con-
structing intrinsic self-healing materials is to intro-
duce reversible bonds, such as Diels-Alder bonds [5,
6], disulfide bonds [7], hydrogen bonds [8], ionic in-
teractions [3, 9] and metal-ligand coordination [10,
11], etc. These dynamic reversible bonds make it
feasible to self-heal the broken bonds. Moreover,
polymers based on reversible bonds have better
chain mobility since the reversible bonds are less re-
strictive to the polymer crosslinking network, which
is also essential for self-healing [9].

1019

Introducing metal-ligand coordination interaction for
self-healing and recyclable nitrile–butadiene rubber: A facile
strategy
Yuan Gao1 , Weiran Zhang1, Junhao Wang2, Zishuo Wang1, Zhaobo Wang1*

1College of Material Science & Engineering, Qingdao University of Science & Technology, 266042 Qingdao, P. R. China
2School of Mechanical, Electrical & Information Engineering, SHANDONG UNIVERSITY, WEIHAI, 264209 Weihai,
P. R. China

Received 21 April 2023; accepted in revised form 1 July 2023

Abstract. In this research, a nitrile-butadiene rubber (NBR) was prepared with excellent mechanical, self-healing and recy-
cling properties by introducing metal-ligand coordination interaction. A coordination crosslinking network based on ligand
bonding was successfully introduced in the NBR matrix by mechanical compounding. The dynamic reversibility of the co-
ordination crosslinking network not only provides the vulcanizate with excellent mechanical properties but also confers a
remarkable self-healing ability under high temperatures and recyclable property under mechanical shear, respectively. The
sample, which was subjected to the complete cut, could be capable of restoring its original tensile strength after self-healing
treatment. The self-healing efficiency of NBR vulcanizate is significantly dependent on the self-healing temperature and
time, which can surprisingly reach 97% of the original tensile strength after self-healing treatment at 180 °C for 60 min.
After the mechanical shear, the coordination crosslinking network is reversibly transformed. The tensile strength of the NBR
vulcanizates after mechanical shearing recycling and re-vulcanization was similar to that of the original NBR vulcanizates.
This research presents a novel approach to enhance the durability of rubber used in commercial applications, endowing it
with reshaping and recycling capabilities and mitigating environmental issues associated with waste rubber.

Keywords: self-healing, coordination, rubber, recycling, mechanical properties

Express Polymer Letters Vol.17, No.10 (2023) 1019–1030
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2023.76

Research article

*Corresponding author, e-mail: wangzhb@qust.edu.cn
© BME-PT

  

 p  
p
o

https://orcid.org/0009-0007-0287-7358
https://orcid.org/0000-0001-8058-3936


Rubber, as a superior polymer material with a history
of application, can be traced back to a century ago.
With its unique high elasticity and remarkable me-
chanical properties, rubber has an irreplaceable wide
range of applications in medical materials [12], aero-
space [13], automotive industry [14] and other fields.
However, during the service, rubber is prone to crack-
ing under stress, light, and heat, resulting in a gradual
loss of mechanical properties [15, 16]. In order to im-
prove the strength and rebounded resilience of rubber
products, crosslinking is necessary. Unfortunately,
the vulcanizates, crosslinked in the traditional way,
are difficult to recycle, which could cause serious
pollution [17]. However, these methods are complex
and ineffective, while the deterioration in the me-
chanical properties of the recycled product is in-
evitable [18, 19]. Self-healing materials are a prom-
ising solution to improve material sustainability and
prolong the lifetime [20, 21]. By constructing the re-
versible supramolecular networks, rubber is expected
to exhibit self-healing and recyclable properties. Nev-
ertheless, rubbers based on reversible supramolecular
crosslinking networks often have weak mechanical
properties due to relatively weak non-covalent inter-
actions [4]. In order to address this challenge, Liu et
al. [22] achieved high strength and stability by con-
structing the ionic-covalent crosslinking networks
while failing to consider the mechanical and self-
healing properties effectively. Therefore, it is expect-
ed to prepare a rubber with excellent mechanical and
self-healing properties simultaneously by introducing
the coordination interactions to form the metal-ligand
crosslinking networks, which have the highest bond
energy among the non-covalent interactions. Based
on the above-mentioned, commercial nitrile–butadi-
ene rubber (NBR) seems to be an ideal choice for
rubber with self-healing and recyclable properties.
The cyano groups in NBR could react with various
transition metal ions to form a metal-ligand crosslink-
ing network effectively [23, 24]. The dynamic re-
versible behavior in the metal-ligand cross linking
networks can endow rubber with the self-healing and
recyclable features [25].
In this research, a simple strategy was utilized to
prepare the self-healing and recyclable NBR. The
strategy is based on the formation of a metal-ligand
cross linking network between the cyano group and
metal ions. With the reversible dynamic crosslink-
ing network, the NBR vulcanizate with excellent

self-healing and recyclable properties could be
achieved successfully.

2. Experimental
2.1. Materials
Nitrile–butadiene rubber (NBR, 4155 type, 41 wt%
acrylonitrile content and ML1+4[100°C] = 55±5) was
used in present research and obtained from Nantex
Industry Co. Ltd. (Zhenjiang, China). Cupric sulfate
anhydrous (CuSO4, AR) was procured from Reagent
Chemical Co. Ltd. (Tianjin, China). Dioctyl phthalate
(DOP) plasticizer was sourced from Guangcheng
Chemical Industry Co. Ltd. (Tianjin, China).

2.2. Sample preparation
The NBR was initially mixed with DOP in a two-roll
mill (X[S] K-160, Qun Yi Rubber Machinery Co.
Ltd., Shanghai, China) for 5 min at room tempera-
ture. Subsequently, CuSO4 powder was introduced
into NBR and the blending process proceeded for
another 5 min to ensure the uniform dispersion of
DOP and CuSO4 particles in the NBR matrix. The
resulting mixture was subjected to compression
molding at 180 °C for 60 min using a plate vulcan-
izing machine (50 T, Qun Yi Rubber Machinery Co.
Ltd., Shanghai, China) and the series NBR/CuSO4/
DOP vulcanizates with coordination crosslinking in-
duced by metal-ligand interactions was prepared.
The above NBR vulcanizates were formed into
2 mm thick sheets.
For the convenience of narration, the vulcanizates
were designated according to their NBR/CuSO4/DOP
composition. For instance, NCu10-D10 was used to
refer to the NBR/CuSO4/DOP (100/10/10) vulcan-
izate. The specific compositions of the NBR/CuSO4/
DOP vulcanizates are summarized in Table 1. For il-
lustrating purposes, the unvulcanized NCu10-D10
blend was noted as NCu10-D10a and the vulcanized
NCu10-D10 vulcanizate was noted as NCu10-D10b.

2.3. Characterization
The curing behavior of the NBR/CuSO4/DOP vul-
canizates was investigated using a Rotorless Rheome-
ter (KY-6002, Kai Yuan Machinery Co. Ltd., China)
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Table 1. Ingredients [phr] of NBR/CuSO4/DOP vulcanizates.
Sample NCu3-D10 NCu5-D10 NCu10-D10 NCu20-D10
NBR 100 10 100 100
CuSO4 3 5 10 20
DOP 10 10 10 10



at a constant temperature of 180 °C and a vibrating
angle of ±1°.
The glass transition temperature (Tg) of the samples
was investigated using a differential scanning calori -
meter (DSC 204 F1, NETZSCH Instruments, Ger-
many) under a nitrogen atmosphere. The samples
were heated at a rate of 10 K/min from –60 to 70 °C
to determine their Tg values.
X-ray photoelectron spectra (XPS) survey scans
were analyzed by an EscalabTM 250Xi X-ray pho-
toelectron spectrometer (Thermo Fisher Scientific,
USA). The chemical components related to nitrogen
in NBR/CuSO4/DOP vulcanizates were analyzed to
examine their chemical species.
The mechanical properties of NBR/CuSO4/DOP vul-
canizates were evaluated using a universal material
testing machine (TCS-2000, GoTech Testing Ma-
chines Inc., China) at room temperature, with a cross -
head speed of 500 mm·min–1. Each sample was test-
ed a minimum of three times to ensure precision and
reproducibility.
For the self-healing test, an original dumbbell-shaped
sample was cut into two separate pieces using a clean
razor blade. The cutting surfaces were aligned and
adjoined immediately with minimal pressure. Sub-
sequently, the healed samples were subjected to the
healing treatment at the predetermined temperature
for a certain time without loading. After healing, the
mechanical properties were assessed through stress-
strain testing. The healing efficiency was calculated
as the ratio of the tensile strength of the healed sam-
ple to that of the original one.
The morphology of NBR/CuSO4/DOP vulcanizates
was investigated by the utilization of field-emission
scanning electron microscopy (FE-SEM, JSM-
6700F, Japan Electron Optics Laboratory Co., Ltd.,
Japan). Prior to analysis, the surfaces of the samples
were sputter-coated with a thin layer of platinum
coating to prevent electrostatic accumulation.
Tensile stress relaxation experiments were conduct-
ed using a high-temperature and low-temperature
servo-controlled tensile testing machine (AI-7000S,
GoTech Testing Machines Inc., China) at room tem-
perature (RT), 60, 120 and 180°C, respectively. The
sample were subjected to a strain of 100% at a con-
stant crosshead speed of 100 mm·min–1. The sample
were tested after a 5 min incubation period, and the
relaxation time was set at 5 min.
Equilibrium swelling experiments were conduct-
ed to ascertain the crosslinking density of the

NBR/CuSO4/DOP vulcanizates. Initially, the sam-
ples were submerged in dichloromethane (DCM) for
a period of 7 days to attain the swelling equilibrium.
Then the surface of the swollen samples was gently
blotted using the dust-free filter paper to remove any
residual DCM, and the samples were subsequently
weighed. Finally, the swollen samples were dried at
60 °C for a duration of 12 hours until a constant
weight was achieved. The crosslinking density of
samples was computed by the Flory-Rehner equa-
tion as shown as Equation (1) [26]:

(1)

where V0 is given by Equation (2):

(2)

The crosslinking density (V) of the samples was cal-
culated using the formula above, where V1 represent-
ed the molar volume of dichloromethane (DCM) at
67.8 cm3·mol–1, χ was the NBR-DCM interaction pa-
rameter at 0.33, ρ1 and ρ2 were the densities of DCM
and NBR at 1.325 and 0.98 g·cm–3, respectively. The
mass of the swollen sample before and after drying
was represented as m1 and m2, respectively.

3. Results and discussion
3.1. Curing characteristics and coordination

crosslinking behaviors of
NBR/CuSO4/DOP vulcanizates

In our research, a distinctive characteristic of self-
healing rubber is the formation of a coordination
crosslinking network through the reversible coordi-
nation bonds, which is achieved by utilizing the metal-
ligand interaction of cyano in NBR with CuSO4. A
schematic illustration of this process is presented in
Figure 1. Our previous work has demonstrated that
the unmodified commercial NBR can engage in co-
ordination interactions with metal salts to establish
a stable coordination crosslinking network [27]. This
strategy ensures the formation of supramolecular
networks in NBR/CuSO4/DOP compounds based on
dynamic bonds.
Under the stimulation of heat treatment, the cyano
group in NBR will react with the copper ion in CuSO4
by coordination effectively. During the vulcaniza-
tion, the chain mobility of the NBR is decreased ob-
viously due to the implication of metal-ligand inter-
actions, which can be derived from the analysis of
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curing curves as shown in Figure 2. As seen in the
figure, the series NBR/CuSO4/ DOP compounds
with different CuSO4 dosages at 180°C. The torque
of the compounds was increased with increasing cur-
ing time, resulting from the formation of the coordi-
nation crosslinking networks induced by the inter-
action between the cyano group and Cu2+. Moreover,
the torque was also increased with increasing CuSO4
dosage, which could attribute to the increasing
crosslinking density.
The glass transition temperature (Tg) is a useful in-
dicator of the mobility of macromolecular segments.
Comparing the Tg values of the NBR/CuSO4/DOP
blend with that of the vulcanizates, it is possible to
identify the occurrence of crosslinking within the
NBR/CuSO4/DOP vulcanizates. The Tg of the series
NBR/CuSO4/DOP blend and the vulcanizates were
measured by DSC. The DSC curves are displayed in

Figure 3. It is evident that the Tg of the series  of the
pure NBR and NBR/CuSO4/DOP blend did not
show significant changes in Tg of the series (–22.1
and –21.6°C), indicating that the simple blending of
CuSO4 with NBR did not result in the considerable
crosslinking between Cu2+ and a cyano group. How-
ever, after vulcanization, the Tg of the series  value
of NCu10-D10 increased significantly from –21.6 to
–15.1°C, indicating the formation of a coordination
crosslinking network through the strong coordina-
tion effect of Cu2+ and cyano group. The crosslink-
ing network greatly restricted the mobility of NBR
chain segments greatly, resulting in significantly in-
creasing Tg of the series  values. Moreover, the Tg of
the series values of the NBR/CuSO4/DOP vulcan-
izates were increased with the increasing CuSO4
dosage, indicating that the higher the CuSO4 content
led to the higher the crosslinking density, which
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Figure 1. Diagrammatical illustration of the coordination crosslinking structure in NBR vulcanizate.

Figure 2. Curing curves of NBR/CuSO4/DOP compounds
with different CuSO4 dosage at 180°C.

Figure 3. DSC curves of NBR/CuSO4/DOP blend and vul-
canizates.



resulted in the strongly restricted movement of NBR
chain segments.
XPS could identify the chemical environments of el-
ements by detecting their characteristic binding en-
ergies. Coordination structures, such as those formed
between metal ions and ligands, can significantly
alter the chemical environment of the central and lig-
and atoms. In this research, the N 1s XPS spectra of
NBR/CuSO4/DOP blend and vulcanizates were an-
alyzed to investigate the occurrence of coordination
reactions. As illustrated in Figure 4a, the N 1s spec-
tra of the NBR/CuSO4/DOP blend reveal a solitary
nitrogen environment, displaying a central binding
energy of 399.3 eV, which belonged to the nitrogen
atoms of free cyano groups. However, after vulcan-
ization, as illustrated in Figure 4b, a new peak ap-
peared at higher binding energy (401.6 eV), and the
shift is caused by the coordination of the cyano
group with Cu2+, which results in a transfer of elec-
trons from the nitrogen atom to the metal ions [28].
The resulting increase in the internal electron bind-
ing energy of the coordinated nitrogen atoms leads
to a different chemical environment compared to that
of the NBR/CuSO4/DOP blend without coordina-
tion, resulting in a shoulder peak at the higher bind-
ing energy in the XPS spectrum. These observations
provide supporting evidence for forming coordina-
tion structures between Cu2+ and cyano groups in the
NBR/CuSO4/DOP vulcanizates.

3.2. Mechanical properties of
NBR/CuSO4/DOP vulcanizates

The stress-strain curves of NBR/CuSO4/DOP vul-
canizates with different CuSO4 dosage were shown

in Figure 5. The tensile strength of the series vulcan-
izates was substantially increased with the increasing
CuSO4 dosage, while the elongation at break was de-
creased gradually. For the coordination crosslinking
vulcanizates, the metal-ligand coordination bond
acts as a ‘sacrificial bond’, which could improve the
tensile strength significantly while can maintain the
relative high elongation at break [29, 30]. The in-
creasing CuSO4 dosage improved the coordination
efficiency of the cyano group with Cu2+ greatly, re-
sulting in an increased crosslinking density of the
NBR vulcanizates (as shown in Table 3). Under the
external force, the dumbbell-shaped sample was
stretched to fracture and more coordination bonds
were required to be broken, resulting in increased
tensile strength. The mechanical properties of the se-
ries NBR/CuSO4/DOP vulcanizates are summarized
in Table 2. It can be observed that the tearing strength
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Figure 4. N 1s XPS spectra of NBR/CuSO4/DOP blend and vulcanizate: a) NCu10-D10a; b) NCu10-D10b.

Figure 5. Stress–strain curves of NBR/CuSO4/DOP vulcan-
izates with different CuSO4 dosage at 180 °C.



and Shore A hardness of the vulcanizates were in-
creased with increasing CuSO4 dosage, which can be
attributed to the increasing crosslinking density.

3.3. Self-healing properties of
NBR/CuSO4/DOP vulcanizates

In order to assess the self-healing ability, the original
dumbbell-shaped sample was cut into two separate
pieces and then gently rejoined together to ensure

good contact between the cutting surfaces, as shown
in Figure 6. The samples were then subjected to var-
ious temperatures and duration for healing. Subse-
quently, the stress-strain behavior of the healed sam-
ples was tested at a stretch rate of 500 mm·min–1

after cooling to room temperature.
Figure 7 shows the FE-SEM photographs of the cut
position of the NCu10-D10 sample before and after
healing (180 °C, 60 min). Figure 7a shows the sur-
face of the sample with evident cutting marks, which
have clear, sharp edges and an obvious ‘step’-like
fracture, indicating that the separating cut sample
only keeps in contact with each other rather than pro-
ducing a strong bonding. After healing at 180 °C for
60 min, as shown in Figure 7b, the cutting marks on
the sample surface became blurry, and the edges of
the cuts fused with each other, and the ‘step’-like
fractures was disappeared. Only a superficial depres-
sion could be found in the cut position, indicating
the fine fracture healing after heat treatment.
The healed Dumbbell-shaped sample (180 °C for
60 min) could successfully sustain a 500 g load with-
out breaking, as shown in Figure 8a, indicating the
excellent self-healing capability of the NBR vulcan-
izate. Figure 8b displays the stress-strain curves of
NCu10-D10 tested before and after healing at 180°C
for 60 min. It is evident that the healed sample was
fractured at 6.4 MPa (the original sample was
6.6 MPa) with a healing efficiency of about 97%. At
the elevated temperature, the chain mobility of the
vulcanizates can be enhanced obviously, and the
NBR molecular chains diffuse each other in the cut-
ting surface. The Cu2+ exposed due to bond breakage
and the uncoordinated Cu2+, dispersed in NBR could
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Table 2. Mechanical properties of NBR/CuSO4/DOP vul-
canizates.

Samples
Tensile

strength
[MPa]

Elongation
at break

[%]

Tearing
strength
[kN·m–1]

Shore A
hardness

NCu3-D10 3.08 1940 08.87 35
NCu5-D10 5.19 1557 10.84 42
NCu10-D10 6.62 1012 18.37 65
NCu20-D10 21.650 0578 32.58 78

Figure 6. Diagrammatical illustration of self-healing behav-
ior of vulcanizates.

Figure 7. FE-SEM photographs of the cut position of NCu10-D10 before and after healing (180 °C, 60 min): a) before heal-
ing; b) after healing.



reorganize with the cyano group to form a well-es-
tablished network in the cutting surfaces. Moreover,
the elastic modulus (as observed from the slope of
the stress-strain curves) of the healed NCu10-D10
sample was significantly increased, and the elonga-
tion at break was significantly decreased compared
to that of the original sample. This can be attributed
to the repair of broken coordination bonds in the cut-
ting surface and the formation of new coordination
bonds during the healing treatment, resulting in in-
creased crosslinking density. It is notable that, during
the testing of the tensile strength of healed samples,
many samples were not fractured at the cut position
(refer to Figure 9), which is valuable evidence of the
vulcanizate's excellent self-healing ability.

Figure 10a illustrates the tensile strength of NCu10-
D10 sample healed at different healing temperatures
for different times. As can be seen from Figure 10a,
the tensile strength of vulcanizates after healing was
increased with the healing temperature and healing
time remarkably. Under the same healing tempera-
ture and healing time (1 h, 60°C), our study demon-
strates higher tensile strength and healing efficiency
than Mandal et al.’s work in 2021 [31]. Usually, the
self-healing ability of the coordination bond-based
materials is influenced by the viscosity of the inter-
face, the diffusive mobility of molecular chain seg-
ments and the exchanging rate of coordination bonds
[32, 33]. The coordination bond-based self-healing
process involves both the reorganization and ex-
change of coordination bonds and the faster ex-
change rate of coordination bonds could improve the
self-healing efficiency. Increasing the healing tem-
perature and time can remarkably accelerate the dif-
fusion rate of molecular chains and the exchange rate
of coordination bonds.
Reorganization of the coordination crosslinked net-
work is an important mechanism underlying the self-
healing behavior of vulcanizates. To further investi-
gate the reorganization of the coordination cross -
linking network, the tensile stress relaxation experi-
ments were conducted at various temperatures, as
shown in Figure 10b. Generally, the stress relaxation
curves of NBR vulcanizate exhibit a continuous de-
crease of stress with increasing relaxation time and
the higher temperature could accelerate the stress re-
laxation. However, it was surprising to find that the
stress relaxation curves of NCu10-D10 sample ex-
hibited an abnormal phenomenon. With increasing
temperature, the stress relaxation rate of NCu10-D10
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Figure 8. a) Photograph of NCu10-D10 hanging a 500 g load after healing; b) stress-strain curves of NCu10-D10 healed at
180°C for 60 min.

Figure 9. Digital photograph of the healed sample after frac-
ture (Sample incisions are marked with white
dashed lines).



was significantly decreased. Interestingly, the stress
relaxation curves of NCu10-D10 even exhibited stress
recovery at 120 and 180 °C. This can be attributed
to the reorganization of the coordination crosslinked
network in the NBR vulcanizate under high temper-
ature. The elevation of temperature accelerated the
rate of coordination bond exchange, strengthening
the coordination crosslinked network of the vulcan-
izate and requiring great force to maintain the orig-
inal strain. Increasing healing temperature, the reor-
ganization of the coordination crosslinked network
in the vulcanizate occurred more rapidly, which was
consistent with the influence of temperature on the
healing strength, as shown in Figure 10a.
It should be noted that the influence of increasing
healing temperature on the healing efficiency of the
NBR vulcanizate is more sensitive than that of in-
creasing healing time, as shown in Figure 11 and
Figure 10a. Notably, the healing efficiency of the vul-
canizates was only 16.7% after 72 h healing at room
temperature, indicating that the coordination cross -
linking network of vulcanizates is not active at room
temperature. The lower temperature limits the ex-
change rate of coordination bonds, which hinders
them from rebuilding in the short term after break-
ing. It also implies that the coordination crosslinking
network is reversible, which could enable the recy-
cling of vulcanizates through appropriate methods.

3.4. Recycling properties of NBR/CuSO4/DOP
vulcanizates

The recycled method of vulcanizates is shown in
Figure 12. NCu10-D10 scraps were sheared using a
two-roll mill for 20 min to obtain the plasticity, then

followed by hot-pressing at 180 °C for 20 min using
a plate vulcanizing machine. The surface of the re-
cycled vulcanizate was smooth and flat. Moreover,
compared with the original vulcanizate, there was no
discernible difference in appearance in the recycled
vulcanizate.
We conducted serial tests to verify the recycling
effect of vulcanizates after the mechanical shear.
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Figure 10. a) Tensile strength of NCu10-D10 healed at different temperature and time; b) tensile stress relaxation curves of
NCu10-D10 at different temperature with 100% strain.

Figure 11. Tensile strength and healing efficiency of
NCu10-D10 healed at different times at room
temperature.

Figure 12. Schematic diagram of recycling method of vul-
canizates.



Figures 13a, and 13b displays the N 1s XPS spectra
of NCu10-D10 after being subjected to mechanical
shearing and re-vulcanization. The N 1s spectra of
NCu10-D10 after mechanical shearing exhibited a
singular nitrogen environment with a central binding
energy of 399.3 eV. This value is consistent with the
N 1s spectra of the NBR/CuSO4/DOP blend, which
is shown in Figure 4a. It indicates that the coordina-
tion crosslinking network of vulcanizates underwent
a reversible transformation after mechanical shear-
ing and reverted to the unvulcanized condition.
However, a shoulder peak appeared at a higher bind-
ing energy after the re-vulcanization, indicating that
the re-vulcanized vulcanizates could recover the co-
ordination structure after hot-pressing. Figure 13c
shows the DSC curves of NCu10-D10 before and
after mechanical shearing and re-vulcanized. Simi-
larly, the transition of Tg in NCu10-D10 before and

after mechanical shearing and the re-vulcanized
process is attributed to the reversible transformation
of the coordination crosslinking network. The coor-
dination bonds in vulcanizates are broken by the
strong mechanical shear force, reducing the con-
straint of the NBR chain segments and reducing the
Tg value. After re-vulcanization, the coordination
crosslinking network of vulcanizates is reconstructed
with a subsequent increase in Tg. The Tg of the re-vul-
canized vulcanizates is higher than that of the NBR
vulcanizates, which should be due to the higher cross -
linking density (refer to Table 3). Figure 13d shows
the stress-strain curves of NCu10-D10 after the re-
vulcanization treatment. The tensile strength of the re-
vulcanized vulcanizate was almost the same com-
pared to the original sample. Moreover, an increase in
elastic modulus (as observed from the slope of the
stress-strain curves) of re-vulcanized NCu10-D10
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Figure 13. a) N 1s XPS spectra of NCu10-D10 after shearing and b) re-vulcanized; c) DSC curves of NCu10-D10 with re-
cycled process; d) stress-strain curves of NCu10-D10 after re-vulcanization.



was also observed in Figure 13d, which can be at-
tributed to the increased crosslinking density of the
re-vulcanized NBR vulcanizate.

3.5. Swelling properties of NBR/CuSO4/DOP
vulcanizates

The coordination crosslinking behavior of the series
NCu10-D10 vulcanizates was visually investigated by
the swelling experiments, as shown in Figure 14. The
unvulcanized NCu10-D10 was completely dissolved
by DCM at room temperature, indicating that the
NBR matrix was not crosslinked. Interestingly, the
mechanical sheared NCu10-D10 sample was almost
completely dissolved after 24 h of immersion in DCM
as well, indicating that the coordination crosslinking
network had already disappeared after mechanical
shear. Conversely, the vulcanized NCu10-D10 and
re-vulcanized NCu10-D10 could not be dissolved
completely but only partially swelled, indicating that
the crosslinking between the cyano group and Cu2+

had occurred after hot-pressing. After 24 hours of
immersion, the re-vulcanized NCu10-D10 exhibited

less swelling compared to the vulcanized NCu10-
D10, indicating the formation of more crosslinking
points between molecular chain segments in the re-
vulcanized NCu10-D10. The observation agrees
with the crosslinking density calculated using the
Flory-Rehner equation, as shown in Table 3.

4. Conclusions
In conclusion, a facile strategy was developed to cre-
ate an NBR with remarkable mechanical properties,
excellent self-healing, and recycling abilities by in-
troducing metal-ligand coordination interactions
through simple mechanical blending. The curing
curves, DSC, XPS, and equilibrium swelling exper-
iments demonstrated the successful formation of the
coordination crosslinking network. Crosslinking of
NBR chains was achieved by using Cu2+-cyano co-
ordination bonds instead of conventional crosslink-
ing agents such as sulfur or peroxide. The CuSO4
dosage strongly affects the mechanical properties of
the prepared vulcanizates, and the vulcanizates ex-
hibited excellent mechanical properties, including a
stretchability of up to 1900% (NCu3-D10) and a ten-
sile strength of up to 21.7 MPa (NCu20-D10). More-
over, the NBR/CuSO4/DOP vulcanizates possessed
the excellent self-healing and recycling properties,
which is due to the dynamic reversibility of the co-
ordination crosslinking network. The healing tem-
perature and healing time played a critical role in de-
termining the self-healing properties of the vulcan-
izates, with a remarkable healing efficiency of up to
97% of the original tensile strength achieved after
healing at 180 °C for 60 min. Furthermore, the ten-
sile strength of the NBR/CuSO4/DOP vulcanizates
after recycling was comparable to that of the original
sample. It is believed that this strategy of preparing
a combination of excellent mechanical and self-heal-
ing properties has great potential for application in
other polar polymers.
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1. Introduction
Polymorphism of polymers is a very interesting phe-
nomenon predetermining the end-use properties of
products. As a result, it is essential to carefully con-
trol specific nucleation and processing parameters to
achieve the desired characteristics. Flow-induced
crystallization is particularly important in manufac-
turing processes such as injection and blow molding
[1–4]. The utilization of flow fields has been shown
to accelerate crystallization kinetics [4], enhance nu-
cleation density [5], and induce various morpholo-
gies, such as oriented crystalline structures like shish-
kebab [6] or β-crystals [7]. Therefore, understanding

the mechanisms of applied shear fields, as charac-
terized by flow rate and temperature, and their im-
pact on polymorphism is crucial in optimizing pro-
cessing conditions.
Isotactic polypropylene (iPP) and its modifications,
e.g., long-chain branched polypropylene, are among
the most widely used polymorphic polymers due to
their versatility in terms of both property function
and processability [8]. The molecular structure of iPP
allows it to solidify into several crystallographic
modifications, including the α-, β-, and γ-phases, as
well as the mesomorphic ‘smectic’ phase formed dur-
ing high undercooling. Only a small fraction of the
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material, the ε-crystal modification, is obtained with
the most stereodefective or ‘an-isotactic’ part of iPP
produced with a zirconene catalyst [9, 10].
Nevertheless, only monoclinic α-phase and trigonal
β-phase possess relevance to practice [8, 11]. The
α-modification is the most common phase of iPP and
grows dominantly under normal processing condi-
tions. The β-modification is thermodynamically less
favorable and recrystallizes into the α-phase on heat-
ing. However, several special crystallization tech-
niques have been developed – the temperature gra-
dient method [12], shear-induced crystallization [13,
14], or the most effective specific nucleation caused
by an insertion of the heterogeneous β-nucleating
agent [15–18]. Nucleating agents, which are typical-
ly low-molecular-mass organic or inorganic sub-
stances added to polymers, can induce specific β-nu-
cleation that enhances the toughness of iPP while
reducing its stiffness and heat resistance [18–20]. In
comparison to the ordinary α-phase, this modification
also improves resistance to photodegradation [21–
23]. The orthorhombic γ-phase is another metastable
polymorph of iPP that can form in the presence of
chain irregularities, such as stereo- or regio-irregu-
larities, through methods such as metallocene cat-
alyzed crystallization [24, 25], high-pressure crys-
tallization of homopolymers [26], crystallization of
very low molecular weight fractions of iPP [27], or
through the crystallization of propylene copolymers
containing small amounts of 1-olefin co-units [28].
Long-chain branched polypropylene (LCB-PP) typ-
ically contains a higher content of chain irregulari-
ties, resulting in a higher tendency to form γ-phase.
LCB-PP can be produced by introducing a long-
chain branching architecture onto the polypropylene
backbone using techniques such as in situ polymer-
ization in a reactor [29], high energy irradiation [30],
or melt-free radical grafting, with the latter being the
most commonly used method [31, 32]. The crystalline
system of LCB-PP usually consists of α- and γ-phas-
es, with the formation of β-phase being suppressed
under standard processing conditions [15, 33].
LCB-PP exhibits unique crystallization behavior
compared to iPP, including higher crystallization tem-
perature, faster overall crystallization, and a broader
melting scale [15, 34]. LCB-PP also exhibits high
melt strength and strain hardening in elongational
flow, making it suitable for various industrial process-
es such as foaming, blow film processing, blow mold-
ing, and thermoforming [35, 36].

However, certain processing techniques that involve
a dominant shear field, such as injection molding,
can facilitate the development of desirable crys-
talline structures in long-chain branched polypropy-
lene. Recent research by Zhou et al. [37] has re-
vealed an increase in the β-phase content of LCB-PP
with increasing LCB structure content, along with
the occurrence of the trigonal modification. While
flow-induced crystallization of isotactic polypropy-
lene has been extensively studied, less is known
about the crystallization behavior of LCB-PP under
complex flow fields [1, 4, 37, 38]. Therefore, the ob-
jective of this study is to investigate the influence of
important processing parameters, including injection
speed, holding pressure, and mold temperature, on
the morphology evolution and distribution of β-
and/or γ-crystals in the ‘skin-core’ structure of
LCB-PP. This structure results from non-homoge-
neous flow fields and thermo-mechanical conditions
in the thickness direction, with the final polymorphic
composition reflecting mechanical properties such
as impact strength. The results of this research could
offer a comprehensive understanding of shear-in-
duced crystallization behavior in LCB-PP and po-
tentially enable the prediction and customization of
the final multi-component crystalline system, there-
by enhancing the prospects for successful processing
and industrial utilization.

2. Experimental
2.1. Material
In this study, Daploy WB140HMS was utilized, a
commercially available long-chain branched poly -
propylene supplied by Borealis Company in Vienna,
Austria. This propylene-based polymer is produced
through in situ polymerization, where monomers are
grafted onto isotactic polypropylene using peroxides
to create long-chain branches. The examined mate-
rial has a melt flow rate of 2.8 g/10 min, as measured
at 230 °C and 2.16 kg using the ISO 1133 standard,
weight-averaged molecular weight of 600 000, and
polydispersity index of 5.2.

2.2. Specimens preparation
For the preparation of specimens, a Demag NC4
injection molding machine, Demag AG, Dussel-
dorf, Germany, was used to mold Charpy test spec-
imens following ISO 179-1 with dimensions of
80×10×4 mm. The parameters of the mold were:
sprue diameter ranging from 3.5 to 6.0 mm, runner
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diameter of 10 mm, the gate located at the top side
of the specimen with dimensions of 7×4 mm, and a
length of 5 mm. Four sets of processing parameters
were employed, namely P-SET with holding pres-
sure varied from 30 to 70 MPa by 10 MPa, T-SET
with mold temperature precisely controlled at tem-
peratures increasing from 40 to 120 °C in 20 °C in-
crements, and S-SET1 and S-SET2 with injection
speed ranging from 20 to 140 mm/s in 30 mm/s in-
crements and a mold temperature of 40 or 120 °C,
respectively. Other parameters remained constant, as
shown in Table 1. For the investigation of the effect
of processing parameters on the supermolecular
structure of the material, the same Charpy test spec-
imens were also compression-molded (CM) in a
manual press from Versta, Zlin, Czech Republic: at
a pressing temperature of 210 °C for 5 min and
cooled at 80 °C for 5 min. The skin and core of the
specimens were analyzed using wide-angle X-ray
scattering (WAXS), where the core was exposed by
grinding off two millimeters of material from the
surface using a Buehler Phoenix Alpha 1, Buehler,
Lake Bluff, Illinois, USA. Grinding was carried out
under running water at a temperature of 15 °C.

2.3. Wide-angle X-ray scattering
Wide-angle X-ray scattering was applied in order to
obtain information about the crystallinity and poly-
morphic composition of specimens. X-ray patterns
were taken of both the skin and the core of the speci-
mens using an XRDynamic 500 diffractometer,
Anton Paar, Graz, Austria, with Bragg-Brentano beam

geometry in reflection mode, CuKα radiation with a
Ni filter (λ = 0.154 nm) and the diffraction angle in-
terval of 2θ = 5‒30° was used. The peak search algo-
rithm was based on the second derivative of the
measured data, which showed local minima at peak
positions. Peaks were searched and fitted using a
variant of the pseudo-Voigt profile, which is a linear
combination of a Gaussian and a Lorentzian curve.
For the determination of the total crystallinity (X) of
the specimens and polymorphic composition (Kβ,
Kγ), the data were fitted using a linear combination
of Chebyshev polynomials. The total crystallinity
was calculated from the share of the fitted areas of
the crystalline part (AC) and amorphous part (AA)
using Equation (1):

[%] (1)

The multi-component α/β/γ crystalline system was
determined using Equations (2)–(5) given by Obadal
et al. [39] based on Turner-Jones et al.’ work [40].
The Kβ and Kγ, respectively, represent relative β- and
γ-phase content in the three-phase crystalline system
of polypropylene and can be calculated as Equa-
 tion (2):

[%] (2)

where Iα1, Iα2, Iα3, Iβ, and Iγ denote the integral in-
tensities of the individual diffraction peaks (α1 at
2θ = 14.20°, α2 at 17.00°, α3 at 18.80°, β at 16.20°
and γ at 20.05°).
The common content of both α- and γ-phases (Kα+γ)
in a three-phase crystalline system can be expressed
(Equation (3)):

(3)

In the γ/α crystalline system, reflections at 2θ =14.2°
and 17.0° are shared by both α- and γ-phases. Thus,
γ-phase part (G) in the crystalline part can be derived
only from the intensities of (130) α3 reflection (Iα3 at
18.80°) and (117) γ reflection (Iγ at 20.05°), that are
unique reflections for each phase [41] (Equations (4)
and (5)):
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Table 1. Processing parameters of injection molding.
Parameter Unit Value

Temperatures of heating zones °C 190; 220; 230
Melt temperature (nozzle) °C 240
Holding pressure time s 60

T-
SE

T

Mold temperature °C 40 / 60 / 80 / 100 / 120 
Injection speed mm/s 80
Holding pressure MPa 50

P-
SE

T

Holding pressure MPa 30 / 40 / 50 / 60 / 70
Mold temperature °C 40
Injection speed mm/s 80

S-
SE

T1

Injection speed mm/s 20 / 50 / 80 / 110 / 140
Mold temperature °C 40
Holding pressure MPa 50

S-
SE

T2

Injection speed mm/s 20 / 50 / 80 / 110 / 140
Mold temperature °C 120
Holding pressure MPa 50



The above method allows for a relative calculation
of the polymorphic composition in three-phase crys-
talline systems of polypropylene; however, the re-
sults can be used to quantify multiphase crystalline
systems.

2.4. Charpy impact test
Non-instrumented Charpy impact tests were per-
formed on a Charpy impact tester Impact 803, Tinius
Olsen, Salfords Surrey, United Kingdom, using the
specimens with a V-notch. The tests were carried out
with a striker energy of 1.97 J and a span length of
62 mm at 23 °C. The average values of notched
Charpy impact energy were obtained from each
group of ten specimens.

3. Results and discussion
3.1. Polymorphic composition
The skin and core layers of the specimens prepared
under various processing conditions were analyzed
using X-ray diffractograms (Figures 1–5). The peaks
of the main planes of various phases demonstrate
common diffraction spectra of polymorphic crys-
talline systems. Injection-molded specimens show
monoclinic α-phase α1 (110), α2 (040), and α3 (130),
trigonal β-phase (300), and orthorhombic γ-phase
(117) peaks, as seen in Figures 1–4. The skin layer
of all specimens exhibits a distinct β-diffraction
peak, while the core layer shows a less significant
peak. Diffractograms of compression-molded spec-
imens (Figure 5) almost solely contain peaks corre-
sponding to α-phase and γ-phase (117), with a neg-
ligible amount of trigonal β-phase. These results il-
lustrate the significant influence of processing condi-
tions on the LCB-PP's polymorphic composition.
Crystallinity and the relative amount of β-phase and
γ-phase in the skin and core of specimens were de-
termined by deconvoluting WAXS patterns and eval-
uated using Equations (1)–(5). These parameters, as
a function of mold temperature, holding pressure, or
injection speed, are shown in Figures 6–9. The re-
ported dependences were determined at a signifi-
cance level of α = 0.05. It was found that the pro-
cessing technology used significantly affects the
crystallinity achieved. Table 2 shows that compres-
sion-molded specimens had lower crystallinity, reach-
ing around 55% in the skin and 54% in the core,
compared to injection-molded specimens. The con-
tent of γ-phase in compression-molded specimens
was around 12%, regardless of the skin/core position

(Figure 6), and the amount of β-phase was negligi-
ble. The effect of processing parameters on the crys-
tallinity of injection-molded specimens was not sig-
nificant (Table 2). The skin layer had crystallinity
of around 69%, with the core having slightly lower
values in most cases, regardless of holding pressure,
injection speed, or mold temperature, except for
high mold temperature (120 °C), which led to an in-
crease in skin layer crystallinity. The skin crystal-
lized at almost the same temperature as the mold
temperature, while the core solidified under more
complex thermal conditions due to the low thermal
conductivity of polypropylene melt. There was no
observable dependence of crystallinity on mold tem-
perature in the core.
An interesting observation can be made by comparing
the morphology evolution throughout the thickness of
injection-molded specimens - the co-existence of α-,
β-, and γ-phases. It has been reported that γ-crystals
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Figure 1. X-ray diffraction patterns of specimens injection-
molded into the mold with various temperatures –
T-SET.



are formed due to the presence of stereo- and regio-
defects [41], whereas the formation of β-crystals is
induced under the flow field. The shearing of poly -
propylene melt causes the creation of α-row nuclei,
which subsequently leads to the growth of the
β-phase on the formed α-nuclei [1, 42].
The influence of mold temperature on the content of
β- and γ-phases can be seen in Figure 6. The data
also indicate that the polymorphic composition of
LCB-PP is significantly affected by the skin-core
structure. An increase in both phases with increasing
mold temperature can be observed, particularly in
the case of the γ-phase. Its content in the skin layer
doubled from 7 to 14%, while in the core, it increased
by about half, from 25 to 37%, for mold tempera-
tures in the range of 40–120 °C which is expected
trend based on earlier works [24, 25]. Crystallization
temperatures above 110°C result in nearly exclusive
formation of the γ-modification, which is thermody-
namically favored over the α-modification [43, 44].

In the case of the β-phase, a slightly higher content
of over 40% was observed in the skin layer, and only
a small increase in this trigonal phase was observed
with increasing mold temperature. However, the for-
mation of the β-phase in the core of LCB-PP was
minimally influenced by processing conditions, as
its content in all specimens was very low or negligi-
ble. The growth rate of the β-modification reaches
its maximum at approximately 120 °C [16]. It is
known that shear flow leads to oriented or even
stretched polymer chains, which subsequently crys-
tallize with different kinetics than under steady-state
conditions. The shear flow influences both the nu-
cleation and crystal growth steps. Nevertheless, the
flow-enhanced crystallization rate is mainly due to
a considerable increase in the nucleation rate and the
density of nuclei. In this context, temperature is very
crucial because it impacts the relaxation of the poly-
mer chains or their segments. The influence of flow
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Figure 2. X-ray diffraction patterns of specimens injection-
molded with various holding pressures – P-SET.

Figure 3. X-ray diffraction patterns of specimens injection-
molded in various injection speeds into the mold
with the temperature of 40 °C – S-SET1.



on polypropylene nucleation is more effective at high
crystallization temperatures because the rate of rest-
ing crystallization tends to zero with increasing tem-
perature as the temperature gets near the thermo-
dynamic melting point. However, the orientation

induced by flow at this temperature remains [45].
According to Janeschitz-Kriegl and coworkers [46,
47], there is a great amount of poorly organized ag-
gregates of molecular chains that can form efficient
nuclei only at quite low temperatures in a steady-
state melt. But, the flow can support their growth.
Thus, a great number of poor-quality sleeping nuclei
are changed into better-quality nuclei, active at high
temperatures in shear. Consequently, as the degree
of supercooling decreases, the effect of flow on crys-
tallization kinetics becomes more pronounced.
Figure 7 shows the changes in β- and γ-phase content
as a function of holding pressure. An increase in hold-
ing pressure, from 30 to 70 MPa, results in a signifi-
cant increase in the orthorhombic γ-phase, particularly
in the core, where the growth is approximately 20%
(from 17 to 37%). This positive effect of increasing
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Figure 4. X-ray diffraction patterns of specimens injection-
molded in various injection speeds into the mold
with the temperature of 120 °C – S-SET2.

Figure 5. X-ray diffraction patterns of compression-molded
specimens.

Figure 6. Dependence of β- and γ-phases content on the
mold temperature during injection molding –
T-SET and compression molding.

Figure 7. Dependence of β- and γ-phases content on the holding
pressure – P-SET.



pressure on γ-phase formation has also been ob-
served by Navratilova et al. [26]. However, the effect
of holding pressure within the range of 30–70 MPa
on trigonal β-phase content is insignificant, with
only a small decrease observed in the skin layer. This
decrease may be attributed to a shortening of the
crystallization time, whereby the previously men-
tioned α-nuclei created during melt flow can relax
and result in competitive β-phase growth, which de-
creases with decreasing holding pressure [37].
Interesting results can also be observed in the case
of specimens injection-molded at various injection
speeds into molds tempered at 40 °C (Figure 8) and
120°C (Figure 9). The highest increase in the trigo-
nal β-phase content depending on injection speed
and mold temperature can be observed in the skin
layer. At low injection speeds (20 mm/s), the β-phase
content reached 34% independent of mold tempera-
ture. As the injection speed increased, the β-phase
content also increased, reaching up to 42% at 40 °C
mold temperature and even up to 46% at 120 °C.
These results are supported by the fact that the en-
hanced entanglement introduced by LCB prolongs

the relaxation time of molecules after deformation.
Hence, they can easily initiate the oriented core
under shear flow and then give nucleation sites for
β-crystal growth. The loosely coiled linear chains
can be incorporated on the surface by the orientation
of the induced nuclei and crystallize into a β-crystal
[4, 37]. A higher mold temperature of 120 °C pro-
moted β-phase formation up to 46% in the skin layer,
while the content of β-phase in the core remains rel-
atively low and independent of injection speed, with
values of around 5 or 8% at mold temperatures of 40
and 120°C, respectively. The formation of the ortho -
rhombic γ-phase in the injection-molded specimens
was not found to be significantly affected by the in-
jection speed. However, the content of γ-phase was
observed to increase with higher crystallization tem-
peratures, reaching 15% in the skin and 35% in the
core layer, as compared to 7 and 25%, respectively,
at lower temperatures.

3.2. Charpy impact strength
The polymorphic composition of the individual
specimens is reflected in their mechanical properties.
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Table 2. The crystallinity of the specimens vs. mold temperature (T-SET), holding pressure (P-SET), injection speed (S-SET1,
S-SET2), and compression molding (CM).

T-SET
[°C]

Crystallinity
[%] P-SET

[MPa]

Crystallinity
[%] S-SET1

[mm/s]

Crystallinity
[%] S-SET2

[mm/s]

Crystallinity
[%]

Skin Core Skin Core Skin Core Skin Core
040 70 67 020 69 66 020 70 71 30 72 68
060 70 68 050 66 67 050 69 65 40 71 67
080 71 68 080 70 67 080 70 67 50 71 67
100 71 66 110 67 65 110 69 66 60 70 65
120 71 67 140 66 65 140 67 69 70 72 64
CM 55 54

Figure 8. Dependence of β- and γ-phases content on the in-
jection speed into the mold with the temperature
of 40°C – S-SET1.

Figure 9. Dependence of β- and γ- phases content on the in-
jection speed into the mold with the temperature
of 120°C – S-SET2.



The occurrence of the trigonal β-phase to a greater
extent in the structure of polypropylene leads to a
change in impact strength [19]. The impact perform-
ance of all specimens – injection-molded in various
conditions and compression-molded is summarized
in Figure 10. Compression-molded ones reach Charpy
impact strength of 4.2 kJ/m2. In the case of injection-
molded specimens positive joint effect of mold tem-
perature and injection speed on impact strength is
evident. Increasing injection speed (from 20 to
140 mm/s) at 40 °C of mold temperature leads to an
increase in impact strength of about 15% (from 3.8 to
4.4 kJ/m2). At the same time, it is possible to observe
a one-third increase in impact strength at all injection
speeds with higher mold temperature (120 °C) – an
increase in impact strength from 3.8 kJ/m2 (mold
temperature 40°C) to 5.1 kJ/m2 (120°C) at 20 mm/s
speed. Thus, the highest impact strength has been
achieved in the specimens injection-molded at a speed
of 140 mm/s at the mold temperature of 120 °C,
which shows an impact strength of 5.7 kJ/m2. The
effect of holding pressure on the impact strength of
the specimens has also been demonstrated – with in-
creasing holding pressure from 30 to 70 MPa, the
impact strength increased by 23% from 3.6 to
4.4 kJ/m2.
Comparison of the results of polymorphic compo-
sition (Figures 6–9) and Charpy impact strength
(Figure 10) clearly shows that impact strength is
positively influenced by β-phase and simultaneously
γ-phase content.

4. Conclusions
In the present paper, the impact of processing param-
eters, including mold temperature, injection speed,
and holding pressure, on the supermolecular struc-
ture of long-chain branched polypropylene, as well
as its impact strength, was investigated. Findings,
based on data obtained through wide-angle X-ray
scattering, demonstrated that injection speed, mold
temperature, and holding pressure all have a signif-
icant impact on the polymorphic composition of
LCB-PP specimens. Specifically, the joint effect of
high injection speed and mold temperature led to the
formation of trigonal β-phase in the skin layer. It was
found that under shear flow, an oriented center can
easily initiate, providing nucleation sites for β-crys-
tal growth. Furthermore, prolonged relaxation times
of LCBs after deformation contribute to the incor-
poration of loosely coined linear chains on the sur-
face, which then orient the induced nuclei and crys-
tallize into β-crystals. In contrast, it was found that
growing holding pressure had a significant effect on
the γ-phase, primarily in the core of the specimens.
The higher content of γ-phase was promoted by
higher mold temperature and holding pressure. The
results also demonstrated that the polymorphic com-
position of the individual specimens was reflected
in their impact strength. Interestingly, it was found
that the co-existence of both β-phase and γ-phase
had a favorable impact on the enhancement of impact
strength. Overall, this study sheds new light on the
importance of processing parameters in controlling
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Figure 10. Variations of the Charpy impact strength for specimens processed at various conditions: a) T-SET and compres-
sion-molded (CM), b) P-SET, c) S-SET1 and S-SET2.



the supermolecular structure and impact strength of
LCB-PP, which could have significant implications in
the design and manufacture of polymeric materials.
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1. Introduction
Rubbers are generally amorphous polymeric mate-
rials categorized as elastomers [1]. Depending on the
origin, rubbers can be divided into natural rubber
(NR) and synthetic rubber. NR is obtained from the
coagulation of latex in rubber trees, and Hevea bra -
siliensis is the current dominant species for natural
rubber production [2, 3], while synthetic rubber refers
to those which were synthesized from monomers.
Although the monomers used in rubber synthesis
were mostly petroleum-derived, there are, however
increasing number of initiatives to produce bio-
based synthetic rubbers utilizing materials that were
sourced naturally [4, 5]. According to a report by the
International Rubber Study Group, the world con-
sumption of natural and synthetic rubbers in the year

2021 was reported at 13.77 million metric tons and
15.81 million metric tons, respectively. The consump-
tion of both rubbers is forecasted to increase by 2.8
and 2.9%, respectively, in the year 2023, and the total
rubber demand is expected to grow on an average of
2.4% per annum until the year 2031. The high vol-
ume of rubber consumption is a result of a wide
range of applications of rubber in various fields.
Although NR is irreplaceable in terms of mechanical
strength due to its exceptionally high molecular
weight, good fatigue resistance and ability to under-
go stress crystallization [3, 6, 7], NR’s lack of resist-
ance to strong sunlight, oxidative and oily environ-
ment, as well as inconsistent supply of global NR
stock had made the shift to synthetic rubber inevitable
[2, 3, 8, 9]. Synthetic rubbers provide an extended
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range of applications on top of the applications of
NR. The chemical structure of synthetic rubber can
be varied using different amounts and combinations
of monomers, resulting in rubbers with a vast range
of properties. For example, nitrile-butadiene rubber
(NBR), more commonly called nitrile rubber, is ob-
tained through emulsion polymerization of butadiene
and acrylonitrile. The most significant characteristic
of NBR is its excellent oil resistance contributed by
the polar nitrile group [10]. Commonly, the acryloni-
trile content (ACN content) in NBR ranges from 18
to 50%, and the oil resistance property improves
with the increase in ACN content [3, 10]. ACN con-
tent in NBR can also be used to tailor other proper-
ties such as mechanical properties, glass transition
temperature, Tg, and processability of the rubber [3].
The presence of polar nitrile groups resists the pen-
etration of non-polar oils into the rubber structure,
resulting in lesser swelling, and allows the rubber to
retain its original properties and dimensions when in
contact with oil. This makes nitrile rubber an excel-
lent material for applications such as O-rings, gas-
kets, and hoses in the automotive, aeronautical, oil
and gas industry [11]. Besides oil-sealing purposes,
NBR was also exploited to produce nitrile gloves,
especially after increased public awareness about
latex protein allergy from natural rubber latex gloves.
Wider chemical resistance coverage, higher puncture
resistance, and aging resistance are some of the addi-
tional features that make nitrile disposable gloves
preferred in the medical sector, laboratories, and food
industries [11, 12].
Whilst NBR is an important synthetic rubber, pro-
duction of the rubber could be a highly challenging
ordeal. Butadiene or 1,3-butadiene is a 4-carbon con-
jugated diene that is used in the synthesis of nitrile
rubber. It is a colorless gas that is commercially pro-
duced through steam cracking of crude oil [13]. In
addition to the extra setups necessary to operate a
gaseous monomer, the production of NBR is rela-
tively risky due to the flammability and explosive
nature of butadiene when mixed with air. Incidents
of fire and explosion at processing facilities related
to butadiene could happen even with slight negli-
gence. There were several reported cases in recent
years, such as a chemical plant explosion in Port
Neches, Texas, on November 2019, an explosion and
fire at an emulsion styrene-butadiene rubber produc-
tion plant in Poland on January 2021, and a major fire
at a butadiene rubber plant in Malaysia on February

2022. It is therefore necessary to explore alternative
diene, which is easier and less risky to operate for
the production of synthetic rubber with properties
similar to that of NBR, specifically its superior oil
resistance.
Isoprene or 2-methyl-1,3-butadiene, is a 5-carbon
conjugated diene that is widely used in the rubber
industry. Isoprene is the main constituent of NR and
synthetic polyisoprene (PIP). It is also used in other
synthetic rubbers, such as butyl rubber (IIR) and
styrene-isoprene block copolymers (SIS) [3]. Iso-
prene can be polymerized through various tech-
niques, including anionic, cationic, free radical and
coordination polymerizations. The coordination poly-
merization using Ziegler-Natta catalysts is preferred
in the industrial synthesis of PIP due to the ability to
produce high cis-1,4-polyisoprene content, enabling
the rubber to exhibit properties similar to NR [3, 14].
The polymerization of isoprene is often investigated
and compared alongside butadiene. This is because
they are considered close analogous conjugated di-
enes due to their similarity in chemical structure, of-
tentimes resulting in similar polymerization kinetics
[15, 16]. Some recent research on the polymerization
of isoprene is focused on the emulsion polymeriza-
tion with the objectives of improving the polymer-
ization rate and yield, as conventional emulsion poly -
merization of isoprene had low yield due to low
propagation rate, high termination, and side reactions
[16, 17]. Different initiator systems in the emulsion
polymerization of PIP were investigated by Cheong
et al. [18] in 2004. They found the redox initiator sys-
tems allowed the low-temperature polymerization
temperature at 25 °C, resulting in higher yield poly-
merization and produced PIP with negligible gel
content. Chouytan et al. [19] reported the improve-
ment in monomer conversion in miniemulsion poly-
merization of isoprene by controlling the ratio of sur-
factant-to-monomer concentration, causing an in-
crease in number of stabilized emulsion droplets and
thus the loci for polymerization reaction.
In view of the need to overcome the limitation of bu-
tadiene in nitrile rubber formulation and the lack of
potential alternatives to NBR, this work details the
development of poly(isoprene-co-acrylonitrile), NIR
as a new synthetic rubber with excellent oil resist-
ance. No gaseous monomers were used in the syn-
thesis, and isoprene, which is a liquid diene mono -
mer at ambient temperature, was used to produce the
rubber emulsion in a simple one-pot synthesis setup.
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The nitrile content of the rubber varied from 20 to
35 mol%, and the resultant properties of the emul-
sion and rubber films were evaluated. The chemical
structure of the rubber was characterized using Fouri-
er transform infrared spectroscopy (FTIR) and pro-
ton nuclear magnetic resonance (1H-NMR), while
mechanical properties and oil resistance tests were
conducted on the vulcanized rubber films.

2. Experimental
2.1. Materials
Synthesis grade isoprene (CAS: 78-79-5) and acry-
lonitrile (CAS: 107-13-1) were obtained from Merck
(Germany). Analysis grade potassium peroxodisul-
fate (K2S2O8, CAS: 7727-21-1), sodium dithionite
(Na2S2O4, CAS: 7775-14-6), sodium hydroxide
(NaOH) pellets (CAS: 1310-73-2) and 28–30% am-
monia solution (CAS: 1336-21-6) were obtained from
Merck (Germany). Isooctyl 3-mercaptopropionate
(≥99%, CAS: 30374-02-7), technical grade sodium
dodecylbenzenesulfonate (SDBS, CAS: 25155-30-0)
and chloroform-D (CDCl3) (99.8 atom% D, contains
0.03 v/v% tetramethylsilane (TMS), CAS: 865-49-6)
were obtained from Sigma Aldrich (Germany). Total
Quartz 5000 Future 10W-30 mineral-based engine
oil was obtained from Total Oil Asia-Pacific Pte Ltd,
Singapore. 50 wt% zinc dithiocarbamates (ZDBC)
dispersion, 60 wt% zinc oxide (ZnO) dispersion, and
60 wt% sulphur dispersion were obtained from
Aquaspersions (M) Sdn Bhd. NBR latex was pur-
chased from Crucial (M) Sdn. Bhd. The properties
of NBR used is given in Table 1. All chemicals in-
volved in this work were used as received except for
isoprene and acrylonitrile, which both were washed
with 10 wt% NaOH solution and distilled water to
remove inhibitors prior to usage.

2.2. Synthesis of
poly(isoprene-co-acrylonitrile) emulsion

A series of poly(isoprene-co-acrylonitrile) (NIR) rub-
ber varying in ACN content were synthesized through
emulsion polymerization, and the formulations are

given in Table 2. The methodology of emulsion
polymerization for NIR rubber was adapted from
[20, 21]. Codename NIR20 was given to NIR with
20 mol% ACN content, and the same codename for-
mat is applicable for NIR30 and NIR35. The highest
ACN content in this work was fixed at 35%, as ex-
cessively high nitrile content in NIR leads to stiffer
material with reduced elasticity. The polymerization
was carried out at 65–70 °C in a 2 l reaction flask
while being constantly stirred at 60–80 rpm with an
overhead stirrer. A double condenser system attached
to cold water supply was used to increase the con-
densation efficiency of low boiling point isoprene
and enable the collection of condensates at the end
of the second condenser, which was then reintro-
duced back into the reaction flask throughout the
synthesis. The reaction setup is shown in Figure 1.
SDBS was dissolved in distilled water bubbled with
nitrogen gas, adjusted to pH 7–9 with ammonia so-
lution, and then transferred to the reaction flask. The
initiator, K2S2O8, was dissolved in 200 ml of dis-
tilled water, while the activator, Na2S2O4, was dis-
solved in 100 ml of distilled water. The initiator and
activator solution were premixed and the mixture
was then added dropwise into the flask over a period
of 12 h, while the monomers mixture was added
dropwise concurrently over the first 8 h. Chain trans-
fer agent (CTA) isooctyl 3-mercaptopropionate was
added into the mixture starting from the second half
of the monomer addition. At the end of the synthesis,
the pH of the mixtures was adjusted to pH 9–10 to
preserve the stability of the emulsion.

2.3. Characterization of rubber emulsions
The total solid content (TSC) of the rubber emulsions
was measured according to ASTM D1417. A clean,
dry aluminum foil dish was weighed (m1), and ap-
proximately 2 ml of rubber emulsion was transferred
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Table 1. Properties of NBR.
Property Quantity

Total solid content, TSC [%] 45
Nitrile content [%] <30
Molecular weight [·105 kDa] 1.45
Viscosity at 25±2°C [mPa·s] 38
pH 8.2

Table 2. NIR rubber formulations.

Ingredient
Formulation

[g]
NIR20 NIR30 NIR35

Isoprene 272.500 238.400 221.400
Acrylonitrile 53.060 79.590 92.860
K2S2O8 4.866 4.866 4.866
Na2S2O4 3.134 3.134 3.134
CTA 4.883 4.770 4.714
SDBS 17.360 17.000 16.820
Water 308.700 296.700 290.700



to the aluminum foil dish with a dropper and weighed
(m2). The aluminum foil dish with rubber emulsion
was then heated in an oven at 170 °C for 15 min be-
fore it was removed and cooled in a desiccator. After
reaching room temperature, the aluminum foil dish
was weighed (m3). TSC was calculated according to
Equation (1):

(1)

The particle size (Z-average diameter) and zeta po-
tential of the emulsions were measured using Malvern
Zetasizer NanoZS at 25 °C. Folded capillary cells
DTS1070 were used in both measurements. The
emulsion was first diluted with distilled water before
analysis to weaken the scattering signal and improve
the accuracy of the analysis. The viscosity of the rub-
ber emulsions was measured using NDJ-1 digital ro-
tary viscometer. The solid content of all emulsions was
adjusted and standardized to 30 w/w% before meas-
urement, and Rotor #1 at a spindle velocity of 60 rpm
was used. The viscosity reported was from the aver-
age of 3 readings. Molecular weight measurement
was carried out utilizing the static light scattering

technique. A series of rubber emulsions with differ-
ent concentrations were prepared through dilution
with distilled water. The scattering intensities were
measured using Malvern Zetasizer NanoZS at a
wavelength of 632.8 nm, scattering detection angle
of 173°, and temperature of 25 °C. Distilled water
was used as the scattering standard and the refractive
index increment (dn/dc) was 0.118. The molecular
weight was determined from the Debye plot.

2.4. Compounding and preparation of NIR
film

Compounding of the rubber emulsions was done
through the addition of 2 parts per hundred parts dried
rubber [phr] ZnO, 1 phr ZDBC, 1 phr sulphur and
0.5 phr ammonia solution per 100 phr NIR rubber.
The mixture was stirred at high-speed using an over-
head stirrer overnight, and the mixture was left for
another day for maturation. The pH of the mixture
was adjusted to 9–10 after compounding. Rubber film
was prepared through solution casting in Petri dishes.
The amount of emulsion introduced into each petri
dish was calculated based on the TSC of the rubber
emulsion. It is necessary to ensure that a comparable

%TSC m m

m m
100

2 1

3 1 $= -

-! $
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Figure 1. Apparatus setup for emulsion polymerization of NIR a) actual setup, and b) schematic diagram.



amount of rubber in each dish so that uniform and
comparable film thickness can be obtained across
different casted films. The Petri dishes were then
dried in the fume hood overnight, followed by thor-
ough drying in a thermal oven at 120 °C. The same
formulation and compounding procedure was used
to prepare NBR film for comparison purposes.

2.5. Characterization of rubber film
2.5.1. Spectroscopic characterization
Fourier transform infrared (FTIR) spectra of the rub-
ber films were recorded using Attenuated Total Re-
flectance (ATR)-Perkin Elmer Frontier FTIR spec-
trometer in the region 550 to 4000 cm–1 at the reso-
lution of 4 cm–1. The spectrum recorded was from
an average of 16 scans. The 1H-NMR spectra of rub-
ber films dissolved in CDCl3 were recorded using
JEOL ECX-400 FT-NMR spectrometer with traces
of TMS present in the deuterated solvent to produce
an internal reference signal at 0 ppm. It is notewor-
thy that spectroscopic analyses were conducted on
uncompounded rubber films to avoid interference
from the compounding ingredients.

2.5.2. Thermal analysis
Calorimetric analysis was done using the TA Instru-
ments DSC Q20 differential scanning calorimeter
(DSC) to determine the Tg of the rubber films. The
temperature scan rate was 10 °C/min in the temper-
ature range from –40 to 100°C, and the nitrogen gas
flow rate was at 200 ml/min. Thermogravimetric
analysis (TGA) of the rubber films was carried out
using Perkin Elmer TGA4000 with the temperature
scan rate 10 °C/min in the temperature range from
30 to 900°C.

2.5.3. Mechanical testing
A tensile test was carried out according to ASTM
D412. Dumbbell-shaped rubber film with narrow
section having 4 mm width, 10 mm length, and
1 mm thick were cut from the casted rubber films.
The instrument used for the test was Shimadzu
AG-5kNX Universal Tester with a crosshead speed
of 500 mm/min. A tear strength test was carried out
according to ASTM D624. Unnicked 90° sample was
stretched using the same instrument and crosshead
speed as the tensile test mentioned above. Ultimate
tensile strength (TS), elongation at break (EB), mod-
ulus at 100% strain (M100), and tear strength (Ts)

were determined and reported from the average of
3 repetitions.

2.5.4. Oil resistance test
The oil resistance test of the rubber films was carried
out according to ASTM D471. Total Quartz 5000
Future 10W-30, a commonly used mineral-based en-
gine oil, was used to test the oil resistance of the rub-
ber. NR film was included in this test together with
NIR and NBR samples for comparison purposes.
Rectangular samples having a dimension of 25 mm
width, 50 mm length, and 0.3 mm thickness were
weighed (m4) and hung on a self-made hanger using
aluminum wire. The cut rubber samples were im-
mersed in 100 cm3 of testing oil for 72 h in the dark
at room temperature (26±2°C), 70±2 and at 100±2°C.
After the immersion period, the samples immersed
at elevated temperature were cooled down to room
temperature by transferring them into cool clean por-
tion of the engine oil for 30–60 min. The samples
were then dipped quickly in acetone and blotted light-
ly with lint-free filter paper before being weighed
(m5). The change in the mass of the sample was used
to calculate the percentage swelling, which reflects
the oil resistance of the rubber (Equation (2)):

(2)

The changes in the dimension (length, width, and
thickness) of the rubber films from the oil immersion
were measured as well. The changes in dimension
and percentage swelling were calculated individual-
ly, and a repetition of 3 samples was carried out for
each type of rubber.

3. Result and discussion
3.1. Characterization of rubber emulsions
The visual appearance of NIR emulsions and NBR
commercial latex is shown in Figures 2a and 2b. They
were milky white with no noticeable visual difference
between all emulsions. The physical appearance of
all the rubber films, as shown in Figure 2c, was sim-
ilar too, where they are all yellowish white in color.
The stability of the emulsions was investigated using
particle size and zeta potential analyses, and the re-
sult is tabulated in Table 3, while the particle size
distribution curve of all the rubber emulsions is shown
in Figure 3. All the NIR emulsions recorded small
particle sizes, in the range of 90–122 nm, comparable

% m
m m

100Percentage swelling
4

5 4 $=
-! $
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to that of commercial NBR at 114 nm. Emulsion with
smaller dispersed particle sizes was reported to be
more stable as more particles can be distributed on
the interface of the emulsion [22, 23]. All the NIR
emulsions particles were also found to be narrowly
distributed in size (monodisperse), which was evi-
denced by the low polydispersity index of less than
0.07 [24]. The Zeta potential of an emulsion can also
be used to evaluate the stability of an emulsion, with
those recording potential greater than |30 mV| usually

considered sufficiently stable due to the strong elec-
trostatic repulsion between the particles [25, 26].
NIR20 and NIR30 recorded high negative zeta po-
tential exceeding –60 mV, while NIR35 had compa-
rable zeta potential as the NBR at about –50 mV. The
results imply that the synthesized emulsions were
strongly anionic in nature and stable enough for long-
term storage. The stability of the emulsions is also
evidenced by the unnoticeable change in appearance
after 6 months of storage, as shown in Figure 2b. The
TSC of the NIR lattices produced was slightly less
than 30%, and the concentration of all the lattices
was adjusted to a uniform concentration of 30% TSC
prior to viscosity measurement and film casting. It
is noteworthy that the concentration of latex can be
adjusted, for example, by removing water from the
system or via centrifugation to obtain the desired
concentration to suit the types of subsequent fabri-
cation processes such as coagulant dipping, film
casting, etc. The viscosity of all the emulsions was
comparable at 5.6±0.2 mPa·s, suggesting that the
molecular weight of the rubber in the emulsions may
not differ significantly [27]. The molecular weight of
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Figure 2. Physical appearance of rubber emulsions a) at freshly prepared, b) after 6 months storage (from left to right: NBR,
NIR20, NIR30, NIR35), and c) vulcanized rubber films (c1) NBR, c2) NIR20, c3) NIR30, c4) NIR35).

Table 3. Properties of NIR and NBR rubber emulsions.

Sample Particle size
[nm] Polydispersity index Zeta potential

[mV]
Viscosity
[mPa·s]

Molecular weight
[·105 kDa]

NIR20 090.7 0.039 –63.3 5.44 3.44
NIR30 104.2 0.045 –61.0 5.44 1.53 
NIR35 122.0 0.069 –50.1 5.58 0.91
NBR 113.7 0.044 –51.8 5.81 1.45

Figure 3. Particle size distribution curves of rubber emul-
sions.



the rubber obtained from the light scattering analysis
was recorded in Table 3, and NIR30 had the closest
molecular weight to the commercial NBR.

3.2. Characterization of rubber films
3.2.1. Spectroscopic analysis
The FTIR spectrum of all samples is represented in
Figure 4. The band at 1378 cm–1 represents the –CH3
bending from the cis-1,4-polyisoprene unit, while
bands that represent other microstructures, such as
890 cm–1 from =CH2 bending of 3,4-unit and 911 cm–1

from =CH2 bending of 1,2-unit are either very weak
or not observed at all [28, 29]. It was reported that
isoprene may undergo polymerization to produce
4 isomers, namely the 3,4-addition polymer, 1,2-ad-
dition polymer, cis-1,4 and trans-1,4 polyisoprene
[3]. The structures of all 4 isomers are given in
Figure 5. Considering that the bands of other isomers
are not apparent, it could be implied that the NIR
rubbers are made of predominantly 1,4 units, con-
sistent with the results reported by others on emul-
sion polymerization of isoprene [17]. The band at
2250 cm–1 was assigned to the stretching of the ni-
trile group (–CN), and the intense band at 1440 cm–1

was assigned to the bending vibration of the meth-
ylene group (–CH2–). The ratio of these two bands

area, A2250/A1440 reflects the relative amount of nitrile
group present in the rubber, and values are tabulated
in Table 4. The A2250/A1440 value increased in the
order of NIR20, NIR30 to NIR35, and this was well
within expectation and consistent with the ACN con-
tent in the NIR rubber formulation (Table 2). The
band area ratio for the NBR sample was close to
those of NIR20 and NIR30, agreeing with the low
nitrile grade of the NBR (Table 1).
Figure 6a shows the 1H-NMR spectrum of NIR30.
The chemical shift assignments are (CDCl3; δ, ppm),
5.07 (=CH–, 1,4 unit) and 2.69 (CHCN, ACN). Other
peaks at 2.07 and 1.67 ppm are from the resonance
of protons attached to various groups, as labeled in the
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Figure 4. FTIR spectrum of NIR and NBR films.

Figure 5. Chemical structure of isoprene and the respective
polymerization isomers.

Table 4. FTIR absorbance band area.

Sample
Band area

A2250 A1440 A2250/A1440

NIR20 64.47 499.4 0.129
NIR30 78.04 531.1 0.147
NIR35 138.700 574.2 0.242
NBR 85.55 549.1 0.156

Figure 6. 1H-NMR spectra of a) NIR30 and b) NBR.



figure. Consistent with the FTIR analysis, 1H-NMR
spectra of the NIR rubbers suggest that the polymer
does not contain 1,2- and 3,4-microstructure units.
From the 1H-NMR spectrum of NBR in Figure 6b,
the chemical shift assignments are (CDCl ; δ, ppm),
5.394 (=CH–, 1,4-unit), 4.953 (=CH–, 1,4-unit and
=CH2, 1,2-unit), 2.568 (CHCN, ACN), 2.266 (–CH2–,
1,4-unit), 2.058 (>CH–, 1,2-unit), 1.639 (–CH2 , ACN)
and 0.820 (–CH2–, 1,2-unit). Like isoprene, butadi-
ene could undergo polymerization to produce several
isomers, which includes the 1,4- and 1,2-addition
polymer. From the 1H-NMR spectrum, it showed
that the NBR contained both the isomers of polymer-
ized butadiene.

3.2.2. Thermal analysis
DSC thermograms of the rubber films in Figure 7
show that the Tg values of NIR are –9.4 °C for
NIR20, 6.2 °C for NIR30, and 20.2°C for NIR35. Tg
of NIR shifted towards higher temperatures with in-
creasing ACN content in the rubber. At high loading
of ACN, there are more nitrile groups in the rubber
to yield stronger dipolar interaction, which could re-
strict the movement of rubber chains, and conse-

quently increases the Tg of the rubber film. Because
of the strong dipolar interaction between the nitrile
groups, pure poly(acrylonitrile) is a brittle plastic
with Tg around 85–110 °C, and acrylonitrile is re-
garded as a hard monomer. Linear poly(isoprene) with
high 1,4-units, on the other hand, reported Tg of
about –70 °C [19, 30, 31]. Considering that NIR is
produced from the copolymerization of both the soft
and hard monomers, it is reasonable to expect the Tg
of the resultant NIR rubber to lie between those of
poly(acrylonitrile) and poly(isoprene). Typical Tg of
NBR was reported to be from –38 °C in 18% ACN
content up to –2 °C in 50% ACN content [32, 33].
Overall, the Tg of NIR in this work lies within the ex-
pected region, albeit slightly higher than that of
NBR. More importantly, the Tg of the rubbers, espe-
cially NIR20 and NIR30 are well below room tem-
perature, enabling them to remain rubbery at ambient
operating temperature, while NIR35, which recorded
relatively high Tg, behaved more like plastic.
TGA was used to determine the decomposition be-
havior and thermal stability of the rubber. TGA and
DTG curves of all samples are shown in Figure 8.
The temperature at 10% weight loss (T90) was used to
compare the thermal stability of the rubber samples,
and the temperatures recorded for NIR20, NIR30,
and NIR35 were 361.3, 366.2, 369.9 °C, respective-
ly. The thermal stability of NIR increased with in-
creasing ACN content, and the same trend was re-
ported by Lee and Ha [34] on the effect of ACN con-
tent on the thermal stability of NBR. The increase in
thermal stability of the NBR was attributed to the
higher decomposition temperature of the nitrile unit
compared to the butadiene. This could be the result
of the higher energy required to break the strong
dipolar interaction contributed by the nitrile group
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Figure 7. DSC curves of NIR and NBR.

Figure 8. a) TGA curves and b) DTG curves of NIR and NBR.



compared to the weak non-polar diene counterpart,
resulting in a delay in the overall decomposition of
the rubber [34]. Some of the recent reports on de-
composition temperatures of NBR are summarized
in Table 5, with the value varying from each other
due to the differences in the composition of the rub-
ber and its composites. In general, the reported max-
imum decomposition temperature (Tmax) of NBR
was within a relatively narrow range (418 to 480°C),
while the range of onset decomposition temperature
(Tonset) and T90 varied greatly at 258– 414 °C and
264–396°C, respectively. Although the thermal sta-
bility of NIR is slightly lower compared to the NBR
(control) in this study, they are still well within the
reported range in the literature and sufficiently high
to be used for most elastomeric applications.

3.2.3. Mechanical properties of rubber films
Mechanical property is one important consideration
when selecting rubber for a particular application. The
mechanical properties of rubber films produced in
this work were evaluated according to ASTM D412
for tensile properties and ASTM D624 for tear
strength. Stress-strain curves comparison and key me-
chanical properties are shown in Figure 9 and Table 6,
respectively. The TS and EB follow a similar trend re-
ported in NBR [35, 42], where TS increased while EB
decreased with increasing ACN content. This is at-

tributed to the high strength of dipole interaction be-
tween nitrile groups to strengthen the rubber and, at
the same time, restrict the rubber chain movement.
NIR35 has very low EB, exhibiting the behavior of
a typical plastic material with necking, as shown in
its stress-strain curve. On the other hand, NIR20,
NIR30, and NBR films exhibit typical elastomeric
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Table 5. Comparison between decomposition temperature of various NIR and NBR resulted from this work to the recently
reported values of NBR in the literature.

*based on synthesis formulation

Description of sample ACN content
[%]

Decomposition temperatures
[°C] References

Tonset Tmax T90

NIR20 *20* 376.4 426.1 361.3
NIR30 *30* 383.0 434.3 366.2
NIR35 *35* 385.4 428.7 369.9
NBR – 430.9 472.0 400.3
Unfilled NBR

34
– – 396.6

[35]
+ waste ceramic dust filler – – 344.3–381.8
In situ zirconia filler 34 409.4–414.4 455.4–458.2 – [36]
Silane-treated silica filler 34 265.0 445.0 – [37]
Unfilled NBR

34
260.0 418.0 –

[38]
+ In situ silica filler 258–267 437.0 –
Nano ZnO filler + disulfochloride benzene crosslinker 40 288.0 – 350.0 [39]

Sulfur nd carbon black filler
18 – 449.8 –

[34]28 – 453.4 –
34 – 456.4 –

Silica sand nanoparticle filler
40

– 446–456 270–317
[40]

Fumed silica filler – 450–467 264–286
Rice bran carbon filler 34 – 461.5–479.9 – [41]

Figure 9. Stress-strain curves of NIR and NBR.

Table 6. Mechanical properties of rubber films.

Sample TS
[MPa]

EB
[%]

M100
[MPa]

Ts
[kN/m]

NIR20 1.61 321 0.585 03.68
NIR30 2.83 253 1.302 07.10
NIR35 8.23 040 n/a 30.53
NBR 6.69 672 1.438 11.03



stress-strain curves. The TS and EB of NIR20 and
NIR30 are, however, lower than that of NBR control
films used in this study. This is possibly due to the
loss of some unsaturation in the NIR rubber through
the formation of crosslinking during the high-tem-
perature emulsion polymerization, which subse-
quently reduces the effectiveness of the vulcaniza-
tion process [18]. Although the obtained results for
NIR rubber films were lower than the control, the
mechanical properties of NIR30 fall well within the
reported values for NBR in literature, with TS lying
between 1.39–9.50 MPa, and EB between 227 to
761%, suggesting the viability of NIR to be used for
many elastomeric applications [43–46]. M100 was
used to evaluate the stiffness of rubber, and the value
increased in the order of NIR20 < NIR30 < NBR.
This implies the low rigidity of NIR20 and NIR30
compared to NBR, which could also be attributed to
the less effective vulcanization mentioned above. On
the other hand, the results of M100 indicated that
M100 increased as ACN content increased. M100 for
NIR30 is higher than NIR20. The material stiffness
enhanced upon ACN content increase, resulting in
an increase in modulus. At the same time, it also led
to a decrease in EB and the M100 of NIR35 was not
measured as the EBwas <100%. The reported M100
value of NBR in literature lies between 0.40 to
4.80 MPa [47, 48]. Tear strength, Ts, is defined as the
maximum force required to tear the test specimen
per unit thickness. The Ts increase with the ACN con-
tent in NIR rubber, a trend which was also observed
in NBR [42]. Similar to TS, the rubber was strength-
ened by the increased strength of dipole interactions
of nitrile groups, improving the resistance of rubber
to tearing force. Considering the TS values of the
rubbers in this work, it was not surprising that NBR
has higher Ts than NIR20 and NIR30.

3.2.4. Oil resistance of rubber film
Figure 10a shows the swelling percentage of the rub-
ber film samples in mineral-based engine oil. The oil
resistance of the rubber films was evaluated through
the percentage of swelling of the films in the hydro-
carbon oil. Higher swelling is equivalent to lower oil
resistance as the large weight change of the rubber
samples indicates higher penetration of oil into the
rubber and reduces the entanglement between the
rubber chains. Further immersion of rubber samples
in oils will cause the formation of pits and cracks
through chain scission from thermo-oxidative

degradation at elevated temperatures, an environ-
ment that is common for oil sealing applications in
the automotive industry [49]. These deformations
could eventually lead to deterioration in the mechan-
ical properties of the rubber. Hence, an oil resistance
test was carried out at room temperature (26 °C) and
elevated temperatures of 70 and 100°C to mimic the
usage conditions of oil sealing rubber in the automo-
tive sector. The least oil-resistant synthetic rubber in
this work was NBR, with the maximum swelling of
5.46% at 100 °C. For NIR rubber samples, the high-
est swelling is observed in NIR20, followed by
NIR30 and NIR35. Thus, the oil resistance increases
in the order from NIR20 < NIR30 < NIR35. The in-
crease in ACN content increases the polarity of NIR
rubber, enabling it to repel the penetration of non-
polar oil molecules into the rubber matrix through
the strong dipolar interaction between nitrile groups.
The same phenomenon is also reported in other rub-
ber or blends that exhibit improved oil resistance
with increasing polarity, such as in chlorinated NBR
[50], NR/dichlorocarbene modified SBR blend [51],
and NR/chloroprene blend [52]. The swelling of NBR
increases with the testing temperature, which agrees
with the reported trend of oil resistance resulting in
most rubbers [53, 54]. On the contrary, this trend was
not obvious in NIR, possibly due to the minimal
swelling of less than 2% in the whole NIR range.
The dimension change of NBR rubber at different
testing temperatures is shown in Figure 10b. Al-
though the effect and trend from increasing oil tem-
perature on the dimensional changes of the rubber
were not that pronounced, possibly because it in-
volves small changes only (<3%), NBR films at
100°C experienced notably higher dimensional in-
crease than the rest. On the other hand, there was no
measurable change in the dimension of all NIR films,
and this agrees with the minimal weight changes of
the rubber reported in Figure 10a. The NIR and NBR
have excellent oil resistance; hence the appearance
of NIR20 and NBR did not change noticeably during
the oil resistance test as shown in Figures 10c to 10e.
NR film was included as a positive control to reflect
the superior oil resistance of both synthetic rubbers
(NBR and NIR) and validate the experimental pro-
tocol. From the comparison in Figures 10c to 10e, it
is obvious that NR is the only sample that experi-
enced significant dimensional change post-immer-
sion in mineral oil. Furthermore, the NR sample
recorded percentage swelling of 111 and 156% in the
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oil at room temperature and at 100°C, respectively,
indicating the poor oil resistance of NR compared to
NBR and NIR [3]. NIR30 and NIR35 exhibited the
best oil resistance with swelling of less than 2% at all
testing temperatures. Considering that NIR30 has ad-
equate mechanical properties with superior oil resist-
ance, the rubber may potentially serve as an alterna-
tive to NBR in applications that requires good oil
resistance, such as joint seals and automotive parts.

4. Conclusions
In this work, a series of poly(isoprene-co-acryloni-
trile), NIR rubbers with varying ACN content were

synthesized via free radical emulsion polymeriza-
tion. NIR rubber emulsions have good stability, ev-
idenced by the small particle size of the emulsion in
the range 90.7 to 122.0 nm, monodisperse (polydis-
persity indices <0.07), and high magnitude of zeta
potential, –63.3 to –50.1 mV. The chemical structure
of the synthesized rubber was characterized using
FTIR and 1H-NMR, and the results indicated that the
polymerization was successful, and the polymerized
isoprene in the rubber was predominantly of 1,4-mi-
crostructure. The vulcanized NIR films displayed
glass transition temperatures from –9.4 to 20.2°C, of
which NIR20 and NIR30 exhibit rubbery behavior

Z. H. Boon et al. – Express Polymer Letters Vol.17, No.10 (2023) 1042–1055

1052

Figure 10. Oil resistance of NIR and NBR films, a) oil swelling, b) dimension change of NBR, and physical appearance of
rubber films c) before, and after oil resistance test at d) room temperature and e) 100°C (from left to right: NIR20,
NBR and NR).



at ambient temperature while NIR35 behaved more
towards plastic. The synthesized rubber also record-
ed good thermal stability, comparable to the control
nitrile rubber used in this study. As for mechanical
property, ultimate tensile strength and tear strength
of the NIR rubbers increased, but elongation at break
decreased with ACN content, and although the val-
ues are within the reported range in literature, it falls
short compared to the NBR control used in this
study. On the contrary, the oil resistance of NIR rub-
ber films is superior to the NBR control. In conclu-
sion, NIR has decent thermal stability, mechanical
strength, and excellent oil resistance and could serve
as an alternative to NBR which had been tradition-
ally used for oil resistance applications. Using iso-
prene in NIR formulation instead of butadiene gas
in NBR formulation could be advantageous in terms
of ease of production setup and lower hazard risk.
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1. Introduction
Natural rubber (NR) is a bio-based polymer that is
derived from the latex sap of the Hevea Brasiliensis
tree. Due to its renewable resource origin, NR is
considered a more eco-friendly alternative to syn-
thetic rubbers made from petroleum-based feed-
stocks [1, 2]. NR possesses unique mechanical
properties such as strength, toughness, elasticity [3],
and damping ability [4], making it suitable for var-
ious industrial applications. Also, its highly flexible
polymer chains enable NR to stretch and recoil eas-

ily, providing excellent elasticity and resilience.
Therefore, NR finds applications in products such
as tires, hoses, balls, cushions, and gloves [5]. In ad-
dition to its elasticity, NR also exhibits excellent
damping properties or damping factors, which
means it can absorb and dissipate mechanical ener-
gy in the form of heat during vibration or oscilla-
tion. This is because NR has low internal friction
due to the interaction between its polymer chains,
which allows it to convert mechanical energy into
heat [6]. This property makes NR particularly useful
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in applications where vibration damping is impor-
tant, such as in suspension systems for vehicles or
in the construction of buildings and bridges along
with shock absorbers (anti-vibration) [7]. While NR
has several advantages, it also has some limitations
due to its highly unsaturated polymeric backbone.
This results in poor resistance to heat, oil, oxygen,
and ozone, which can limit its use in certain indus-
trial applications [5]. To overcome these limitations,
chemical modifications of the NR molecules have
been explored to develop NR derivatives with im-
proved properties and a better balance of character-
istics [8]. Epoxidized natural rubber (ENR) is a fa-
vored candidate for addressing the limitations of NR
because it has a high polarity that provides excellent
resistance to oils and non-polar solvents, as well as
high impermeability to gases and oils [9]. ENR is
also compatible with polar polymers and fillers
while retaining the unique mechanical properties of
NR, including strength and toughness due to strain-
induced crystallization and elasticity, especially its
damping properties [10, 11].
Polyether block amide (PEBA) copolymer, also
known as Pebax®, is a semi-crystalline polymer with
a multiblock structure composed of two types of seg-
ments: rigid crystalline polyamide (PA) and amor-
phous flexible polyether. PEBA is commonly pro-
duced through a polycondensation reaction between
a carboxylic acid polyamide (such as PA6, P11, or
P12) and an alcohol-terminated polyether, which can
be either polytetramethylene glycol (PTMG) or poly -
ethylene glycol (PEG) [12, 13]. PEBA exhibits su-
perior mechanical properties, including high flexi-
bility, impact resistance, and fatigue resistance, as
well as excellent resistance against a wide range of
chemical substances. Compared with common ther-
moplastic elastomers (TPEs), such as thermoplastic
polyolefin elastomer (TPO) and thermoplastic poly -
urethane (TPU), PEBA exhibits a lower material den-
sity and energy loss factor, a higher moisture vapor
transfer rate, biocompatibility, and a relatively wide
service temperature range, especially at low temper-
atures [14]. While PEBA already possesses good
elasticity and reasonable damping properties, these
characteristics can be further improved by blending
it with other polymers, such as ENR, that possess out-
standing damping properties [15]. PEBA is a versa-
tile polymer that exhibits the ability to blend with var-
ious other polymers, such as poly(amide-co-poly
(propylene glycol)) random copolymer for CO2/N2

separation [16] and thermoplastic polyurethane for
biomedical applications [17].
In this work, the blending of PEBA and ENR was con-
ducted via dynamic phenolic vulcanization, using var-
ious types of ENR with different epoxide groups in
their molecules and different ENR proportions in the
dynamically cured ENR/PEBA blends. The phenolic-
cured system was chosen for its ability to provide the
ENR blend with exceptional mechanical and set prop-
erties [18]. The main objective was to identify a ma-
terial that offers a good balance of mechanical prop-
erties, along with outstanding damping properties, for
use in specific industrial applications. Furthermore,
incorporating sustainable green polymers such as nat-
ural rubber into engineering materials is an alternative
approach to creating materials that are capable of slow
biodegradation at the end of their usage life.

2. Experimental
2.1. Materials
Epoxidized natural rubber was synthesized using
high ammonia (HA) concentrated latex as the raw
material through performic epoxidation. The HA
latex was manufactured by Yala Latex Co., Ltd.
(Yala, Thailand) and had a dried rubber content
(DRC) of approximately 60 wt%, along with an am-
monia preservative content of 0.7 wt%. Performic
acid was in-situ prepared using formic acid and hy-
drogen peroxide from Honeywell Specialty Chemi-
cals Seelze GmbH (Seelze, Germany). It was used
to react with natural rubber molecules to form ENR
with varying levels of epoxide groups. To stabilize
the latex during performic epoxidation, a non-ionic
surfactant called Teric N30 (Alkylphenol ethoxylate)
from Huntsman Corporation Australia Pty Limited
(Brooklyn, Australia) was used. Methanol from J.T.
Baker Chemicals (Phillipsburg, USA) was utilized
to coagulate the ENR latex after performic epoxida-
tion. Thermoplastic vulcanizates (TPVs) were pre-
pared through dynamic vulcanization of Epoxidized
Natural Rubber (ENR) and Pebax® 3533, a poly(ether-
block-amide) copolymer manufactured by Arkema
(Colombes, France). Pebax® 3533 is available in pel-
let form, comprising 75 wt% poly(tetramethylene
oxide) (PTMO) and 25 wt% aliphatic polyamide
(PA12), with a melting temperature of approximately
144 °C. Hydroxymethyl (methylol) phenolic resin,
HRJ-10518 is a hydroxymethyl (methylol) phenolic
resin produced by reacting octylphenol with form -
aldehyde, and it was used as a vulcanizing agent for
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the dynamic vulcanization of ENR/PEBA blends.
This resin was manufactured by Akrochem Corpo-
ration, (Akron, USA).

2.2. Synthesis of epoxidized natural rubber
(ENR)

The synthesis of epoxidized natural rubber (ENR)
followed the experimental and characterization meth-
ods previously described [19–21]. In brief, 60%
DRC HA latex was added into a reactor, and distilled
water was added to reduce the DRC to 20%. Next, a
non-ionic surfactant, Teric N30, was added to the
mixture and then continuously stirred at room tem-
perature for 25 min. Formic acid and hydrogen per-
oxide were then dropwise added simultaneously into
the reactor at a controlled temperature of 50 °C for
about 30 min. The reaction mixture was sampled at
reaction times of 0, 0:30, 1:00, 1:20, 2:10, 2:40, 4:10,
5:50, and 7:30 h. Excess methanol was added to the
latex sample to coagulate it, and then the rubber co-
agulum was sheeted out and washed thoroughly with
clean water until the pH was around 7.0. The rubber
sheet was eventually dried in an oven at 60 °C. A
proton nuclear magnetic resonance spectroscopy
(1H-NMR), Varian Unity Inova 500 MHz Spectrom-
eter (Varian, Griesheim, Germany) was then used to
characterize molecular characteristics of the rubber
molecules. Finally, the epoxide content was quanti-
fied using the Equation (1) [22]:

(1)

where A2.70 is the area under the signal at a chemical
shift of 2.70 ppm, which indicates resonance of the
methine hydrogen of the epoxirane ring, A5.10 is the
area under the signal at a chemical shift of 5.10 ppm,
which indicates olefin hydrogen of cis-1,4-polyiso-
prene.

2.3. Compounding of ENR by phenolic
vulcanization

ENRs with different epoxide group contents of 10,
20, 30, 40, and 50 mol% were firstly dried in a hot
air oven at 70 °C for a minimum of 3 h. The dried
rubber was then compounded with various chemical
ingredients according to the formulation and mixing
schedule outlined in Table 1. The compounding was
conducted using an internal mixer, a Brabender®

Measuring Mixer, model 50EHT 3Z, Brabender
GmbH & Co.KG (Duisburg, Germany), at 40 °C, a

fill factor of 0.8, and a rotor speed of 60 rpm. At the
end of the compounding process, the ENR compound
was removed from the mixing chamber and condi-
tioned in a closed container for at least 24 h at room
temperature.

2.4. Preparation of dynamically cured
ENR/PEBA blends

Epoxidized natural rubber (ENR) and poly(ether-
block-amide) copolymer at a 50/50 wt% ratio as
blended in an internal mixer, a Brabender® Measuring
Mixer, model 50EHT 3Z, Brabender GmbH & Co.
KG (Duisburg, Germany), at 160 °C. Prior to blend-
ing with the ENR compound, the PEBA copolymer
was dried at 80 °C for at least 3 h, cooled to room
temperature, and conditioned for approximately 3 h.
During dynamic vulcanization, the ENR compound
was initially incorporated into the mixing chamber
at a rotor speed of 60 rpm and mixed for approxi-
mately 2 min before adding the PEBA component.
The mixture was then continuously mixed for an ad-
ditional 10 min to achieve a total mixing time of
12 min. Real-time monitoring of mixing torque and
temperature was captured during the process. The re-
sulting ENR/PEBA TPVs were subsequently formed
into a thin sheet with a thickness of 2 mm using two-
roll mills and then compression molded at 160 °C
under high pressure for approximately 5 min. The
mold was then cooled down by a circulating water
system. This work investigated the influence of
epoxide contents (10, 20, 30, 40, and 50 mol%) in
50/50 ENR/PEBA TPVs. Additionally, the effect of
different blend ratios was studied using ENR-30,
with various ENR-30/PEBA ratios of 20/80, 30/70,
40/60, 50/50, 60/40, and 70/30.

2.5. Characterization of ENR/ PEBA TPVs
2.5.1. Mechanical properties
The tensile properties of the TPV specimens were
evaluated in terms of tensile strength, modulus, and
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Table 1. Compounding formulation and mixing schedule for
preparation of ENR compounds.

Chemicals Quantity
[phr]

Mixing time
[min]

ENR 100 3
Stearic acid 1 1
ZnO 5 1
Wingstay L 1 1
Phenolic resin 9 3



elongation at break, following the guidelines of
ASTM D412. A Hounsfield universal testing ma-
chine, Hounsfield Test Equipment (Surrey, England)
was used to conduct the tests at room temperature
with a crosshead speed of 500±50 mm/min. The test
was performed until the failure of the specimens, and
three replicates were tested for each sample. Addi-
tionally, the tension set was quantified following the
guidelines of ASTM D412. For this, two marks were
placed precisely at the ends of the gauge length of
the dumbbell-shaped specimens. The initial length be-
tween these marks was measured for each sample,
and the sample was then extended to a specified
elongation at 100% and held at this condition for
10 min. After that, the tension stress was released,
and the sample was conditioned at room temperature
for another 10 min to allow the relaxation of the TPV
specimen. The tension set was then calculated using
the Equation (2):

(2)

where L0 is the initial length between the marks be-
fore extension and L is the length between the marks
after the relaxation of the specimen.
The hardness of the TPV specimen was measured in
accordance with ASTM 2240. The test was conduct-
ed using a Shore durometer manufactured by Toyo
Seiki Seisaku-Sho, Ltd (Tokyo, Japan) and reported
in a Shore A unit.

2.5.2. Dynamic properties 
The viscoelastic properties of the TPV materials
were evaluated using the RheoTech MDpt Moving
Die Processability Tester, Tech Pro Inc (Cuyahoga
Falls, USA). A frequency sweep test was conducted
at 150°C over a range of 1–25 Hz, using a fixed os-
cillating strain amplitude of 3%. The dynamic prop-
erties, including storage modulus (G′), loss modulus
(G″), and tanδ were quantified.

2.5.3. Thermal properties
The TPV specimen was subjected to dynamic me-
chanical thermal analysis (DMTA) using the DMTA
V Dynamic Mechanical Thermal Analyzer, Rheo-
metric Scientific Ltd (Piscataway, USA). The analy-
sis was conducted in dual cantilever mode, with a
frequency of 1 Hz, over a temperature range of –100
to 100°C with a heating rate of 5 °C/min with a nor-
mal strain amplitude of 20 µm. This study reports

the DMTA thermograms in terms of the relationship 
between tan δ versus the temperature of the TPV 
specimen.

2.5.4. Morphological characterization
The morphological properties of ENR/PEBA TPVs 
were examined using a Quanta 400 scanning elec-
tron microscope (SEM), FEI Company (Hillsboro, 
USA), with a magnification of 5000×. The speci-
men was first cryogenically fractured in liquid ni-
trogen to create new surfaces and prevent any phase 
deformation. The PEBA phase was then preferen-
tially extracted by immersing the fractured surface 
into boiling dimethyl sulfoxide (DMSO) for approx-
imately 20 min. Subsequently, the samples were 
dried in a vacuum oven at 40 °C for 12 h to elimi-
nate solvent contamination. Prior to imaging with 
SEM, the dried surfaces were gold-coated. The size 
of vulcanized rubber domains dispersed in the 
PEBA matrix was eventually quantified in terms of 
the number-average (Dn) domain diameters by the 
Equation (3) [23]:

(3)

where Ni is the number of particles with diameter Di.

3. Results and discussion
3.1. Synthesis and characterization of

epoxidized natural rubber
Epoxidized natural rubber (ENR) was synthesized
to gain various levels of epoxide groups (10, 20, 30,
40, and 50 mol%) based on the analyzed results from
1H-NMR spectroscopy, as shown in Figure 1. It can
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Figure 1. 1H-NMR spectra of epoxidized natural rubber with
varying levels of epoxide groups compared with
unmodified natural rubber.



be seen that the characteristic 1H-NMR signals of
ENR were observed at chemical shifts of 2.70, 1.20,
and 3.60 ppm (for only ENR-40 and ENR-50), which
correspond to the methine hydrogen of epoxide rings,
methyl proton of the epoxide rings, and furan or diol
proton from the opened epoxirane ring products, re-
spectively [22, 24]. To determine the epoxidation
content of the ENR samples, the area ratio of the sig-
nals at 2.70 and 5.10 ppm (indicating the olefin hy-
drogen of cis-1,4-polyisoprene) was calculated using
Equation (1). The resulting epoxidation contents
were found to be about 10, 20, 30, 40, and 50 mol%,
as indicated in Figure 1. The level of epoxidation in
natural rubber molecules was influenced by the
epoxidation time, as illustrated in Figure 2. The re-
lationship between reaction time and the level of
epoxide groups indicates that longer reaction times
lead to a higher level of epoxidation. Hence, the re-
action time can be used as a parameter to determine
the epoxide content in ENR molecules.

3.2. Mixing torque-time and
temperature-time profiles for
dynamically cured ENR/PEBA blends

Figure 3 displays the mixing torque-time and mixing
temperature-time profiles of dynamically cured
ENR/PEBA blends with varying levels of epoxide
groups in ENR molecules (Figure 3a) and different
blend proportions (Figure 3b). Initially, upon adding
ENR compounds, there is a rapid decrease in mixing
torque and temperature due to the softening of the
rubber compound at high temperatures. In contrast,
the neat PEBA component (Figure 3b) exhibits an
abrupt increase in torque before rapidly decreasing
within 1 min of mixing, which is attributed to the stiff-
ness of the PEBA before melting, and the torque sub-
sequently gradually decreases until the end of mix-
ing. However, the torque of ENR/PEBA blends re-
mains nearly constant until the PEBA component is
added at a mixing time of around 2 min. This results
in the establishment of the initial mixing range,
where the mixing torque rises with an increase in
epoxide content (Figure 3a) and ENR-30 content in
ENR-30/PEBA blends (Figure 3b). After the addi-
tion of the PEBA component at 2 min, the mixing
torque of the blends abruptly increases while the
temperature declines due to the stiffness and starting
temperature of PEBA. In Figure 3a, the torque sub-
sequently decreases until the mixing time of approx-
imately 6 min, where a gradually increasing torque
is observed until the mixing time of 10 min, where
the maximum torque is reached. This is attributed
to the dynamic vulcanization of ENR molecules by
the phenolic-cured system. The mixing torque at a
given mixing time in this range also increases with
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Figure 2. Relationship between reaction time and the level
of epoxide groups present in ENR molecules dur-
ing performic epoxidation.

Figure 3. Mixing torque-time and mixing temperature-time profiles for dynamically cured ENR/PEBA blends. a) Blends
with various levels of epoxide groups in ENR molecules. b) Blends with various ratios of ENR-30/PEBA compared
to pure PEBA.



increasing levels of epoxide groups in ENR mole-
cules. On the other hand, in Figure 3b, after a mixing
time of 5 min, only ENR-30/PEBA blends with an
ENR content higher than 40 wt% (i.e., ENR-
30/PEBA = 50/50, 60/40, and 70/30) exhibit a highly
increasing trend of mixing torque. This is due to a
higher degree of vulcanization and self-crosslinking
of ENR molecules [25, 26], together with a higher
chemical interaction between the ENR and PEBA
phases. However, ENR-30/PEBA blends with an
ENR content lower than 40 wt% exhibit only mar-
ginal increases in mixing torque until the end of mix-
ing. The reason for the increased torque is due to the
chemical interaction between the vulcanizing ENR
and the PEBA phases, as proposed reaction mecha-
nisms described in Figure 4. It is seen that the
crosslinking of ENR with phenolic resin takes place
first (reaction 1), followed by the capability of the
vulcanizing ENR networks to interact with PEBA
molecules via chemical interaction through their
polar functional groups (reaction 2). Therefore, the
polar groups in the phenolic cured ENR domain and
PEBA can form intermolecular bonds such as hydro-
gen bonds, dipole-dipole interactions, and van der
Waals forces.
These interactions can lead to a reduction in the size
of the ENR domains in the TPV, which can improve
the interfacial adhesion between the two phases. After
a mixing time of 10 min, the mixing torque remains
almost constant until the end of dynamic vulcaniza-
tion at the final mixing time of 12 min due to the
completion of the dynamic vulcanization and chem-
ical reaction between ENR molecules and between
the ENR and PEBA phases. It is evident in Figure 3
that the final mixing torque and temperature in-
creased as the epoxide content in ENR molecules
(Figure 3a) and the proportion of ENR-30 increased
(Figure 3b). This can be attributed to the increased
interaction between the polar functional groups in
phenolic-cured ENR and the polar groups in the
PEBA, as described in reaction (2) in Figure 4. Fur-
thermore, a higher content of epoxide groups and a
higher proportion of ENR phase in ENR/PEBA blends
resulted in a higher degree of chemical interaction
between the two components. This leads to a higher
shearing force required to mix the ENR/PEBA blends
(at a fixed rotor speed) during dynamic vulcanization
and, thus, higher shear heating, which raises the mix-
ing temperature.

3.3. Morphological properties of ENR/PEBA
TPVs

Figures 5 and 6 display SEM micrographs of dynam-
ically cured ENR/PEBA blends with different levels
of epoxide groups in ENR molecules and different
blend ratios of ENR and PEBA, respectively. The mi-
crographs clearly show the sea-island morphology of
vulcanized ENR domains dispersed in the continuous
PEBA matrix. Notably, the PEBA phase was prefer-
entially dissolved by dimethyl sulfoxide (DMSO)
extraction of the fractured surface of the ENR/PEBA
TPV specimens. Therefore, only the spherical ENR
domains are seen to adhere at the TPV surfaces. In
Figure 6, large clusters of rubber domains are clearly
visible in TPVs with ENR and PEBA-rich phases
(i.e., ENR-30/PEBA = 20/80 and 70/30, respective-
ly). However, In Figure 5, in the blend with a fixed
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Figure 4. Proposed reaction mechanisms for dynamic vulcan-
ization of ENR/PEBA blends. (1) Reaction of ENR
molecules with phenolic curing agent. (2) Chemi-
cal interaction between phenolic-cured ENR and
PEBA molecules.



blend ratio ENR/PEBA = 50/50, it can be observed
that the size of spherical ENR domains decreased as
the level of epoxide groups in the ENR molecules
increased. This is also clearly evident from the num-
ber-average (Dn) domain diameters of dynamically
cured ENR/PEBA blends, which are shown in
Table 2. This phenomenon can be attributed to the

presence of a phenolic vulcanizing ENR phase (as
shown in Figure 4), which results in an increase in
shear viscosity during blending. This caused the
blend morphology to transform from a co-continu-
ous structure to a dispersed morphology with a se-
verely broken down of the ENR phase into micron-
scale vulcanized domains [27]. As a result, an
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Figure 5. SEM micrographs of dynamically cured 50/50 ENR/PEBA blends with different levels of epoxide groups in ENR
molecules. a) ENR-10/PEBA, b) ENR-20/PEBA, c) ENR-30/PEBA, d) ENR-40/PEBA, e) ENR-50/PEBA.



increase in epoxide content leads to increased mix-
ing torque and shear viscosity during mixing, caus-
ing the vulcanizing ENR phase to break down into
smaller domains dispersed in the PEBA matrix.
In Figure 6, clear spherical rubber domains are visi-
ble in the blends with ENR/PEBA ratios ranging
from 30/70 to 60/40 (i.e., Figure 6b to 6e). However,
for the blend with one rich phase, large clusters of
rubber domains are visible in Figures 6a and 6f. This
can be attributed to the influence of the viscosity

ratio between the blend components, which leads to
a phase inversion from a co-continuous phase to a
sea-island morphology via a lamellar mechanism
[28]. Therefore, the smaller average size of rubber
domains (about 0.7 μm) is seen in ENR-30/PEBA
blends with blend ratios ranging from 30/70 to 50/50
(Figure 6b to 6d) and Table 2). However, in the 60/40
ENR/PEBA blend, larger rubber domains at about
1.7 μm are visible (Figure 6e and Table 2), indicating
an imbalance of blend proportion (or viscosity ratio)

A. Kaesaman et al. – Express Polymer Letters Vol.17, No.10 (2023) 1056–1069

1063

Figure 6. SEM micrographs of dynamically cured ENR/PEBA blends with different ENR-30/PEBA blend ratios.
a) ENR-30/PEBA = 20/80, b) ENR-30/PEBA = 30/70, c) ENR-30/PEBA = 40/60, d) ENR-30/PEBA = 50/50,
e) ENR-30/PEBA = 60/40, f) ENR-30/PEBA = 70/30.



where increased ENR content to 70/30 results in
larger and coalescent domains forming large clusters
of ENR domains (Figure 6f).

3.4. Mechanical and dynamic properties
Figure 7 illustrates the stress-strain behaviors of dy-
namically cured ENR/PEBA blends, which exhibit
a combination of thermoplastic and elastomeric
characteristics. Moreover, in Figure 7a, an increase
in the level of epoxide group in ENR molecules leads
to an increase in both Young’s modulus (determined
from the slope of the initial straight line of the stress-
strain curve) and toughness (estimated from the area
under the curve). This can be attributed to the en-
hanced interaction between polar functional groups
at the interface of the vulcanized ENR domains and
PEBA components (Figure 4). However, Figure 7b
demonstrates a decrease in Young’s modulus as the
ENR proportion in the ENR/PEBA blend is increased.

This is because Young’s modulus is a measure of a
material’s resistance to deformation under an applied
force. It is worth noting that increasing the amount
of the elastomeric component (ENR) decreases this
resistance or ability to resist deformation.
Table 3 summarizes the mechanical properties of dy-
namically cured ENR/PEBA blends with varying
levels of epoxide groups and blend ratios, including
tensile strength, elongation at break, hardness, and
tension set. The relationship between stiffness, as de-
termined by Young’s modulus, and toughness, as
measured by the area under the stress-strain curve,
with the tensile strength, elongation at break, and
hardness of 50/50 ENR/PEBA TPVs is apparent.
Specifically, these properties increase with higher
epoxide contents in ENR molecules. The observed
phenomenon can be explained by the enhanced in-
teraction between the two phases (Figure 4), which
results in a reduction in the size of the spherical vul-
canized ENR domains (Figure 5) and an increase in
interfacial areas. This, in turn, leads to an improve-
ment in interfacial adhesion between the ENR and
PEBA phases. However, as the proportion of ENR-30
in the ENR-30/PEBA blends increases, the tensile
strength, elongation at break, and hardness decrease
due to the reduced thermoplastic component content,
resulting in a reduction in strength and hardness prop-
erties. In contrast, it is generally expected that the
elongation of the blends will increase as the rubber
component content increases. The opposite trend ob-
served in this case suggests the presence of other
contributing factors that require further investiga-
tion. However, as shown in Table 3, blending PEBA
with ENR offers the advantage of reducing hardness
and creating a softer material with lower set properties
(i.e., high elasticity). Notably, thermoplastic vulcan-
izates (TPVs) that exhibit low tension sets indicate
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Table 2. Number-average (Dn) domain diameters of vulcan-
ized ENR domains in dynamically cured ENR/PEBA
blends with different levels of epoxide groups in
ENR molecules and different ENR-30/PEBA blend
ratios.

Epoxide level
[mol%]

ENR-30/PEBA
blend ratio

Average particle size
[µm]

10 – 1.2±0.3
20 – 0.8±0.1
30 – 0.7±0.2
40 – 0.6±0.3
50 – 0.5±0.2
– 20/80 *
– 30/70 0.7 ± 0.2
– 40/60 0.8 ± 0.1
– 50/50 0.7 ± 0.2
– 60/40 1.7 ± 0.1
– 70/30 *

Figure 7. Stress-strain curves for dynamically cured ENR/PEBA blends. a) Blends with different levels of epoxide groups
in ENR molecules. b) Blends with different ENR-30/PEBA blend ratios compared to pure PEBA.



superior elastic recovery properties, enabling the ma-
terial to regain its original shape after being
stretched. On the other hand, high tension set sug-
gests that the material may undergo permanent de-
formation and may not recover its original shape.
For applications where repeated deformation and re-
covery cycles are needed, such as in gaskets or seals,
a material with a low tension set is preferred as it can
maintain its functional properties over time.
As shown in Table 3, the ENR/PEBA TPVs exhibit
lower tension set than pure PEBA, and the set de-
creases as the epoxide and ENR contents increase.
This trend is consistent with the behavior of the loss
tangent (tanδ), as illustrated in Figure 8. This clearly
indicates that the loss tangent decreases as the epox-
ide group and ENR proportion increase in the TPVs
(Figures 8a and 9b, respectively). It is worth noting
that the loss tangent (tan δ) is a measure of a mater-
ial’s energy dissipation properties under cyclic de-
formation. The loss tangent is associated with the
material’s damping properties and its capacity to ab-
sorb and dissipate energy when subjected to cyclic

loading. Thus, a lower tan δ value in TPVs indicates
that the material has reduced energy dissipation prop-
erties and is more elastic in nature. This property can
be advantageous in applications where high elastic-
ity is essential, such as in seals, gaskets, and other
engineering elastomeric articles.
Figure 9 illustrates the storage modulus of dynami-
cally cured ENR/PEBA blends as a function of os-
cillating frequency, with varying levels of epoxide
groups in ENR molecules and blend ratios. The re-
sults show a clear correlation between the storage
moduli of TPVs with different epoxide contents
(Figure 9a) and blend ratios (Figure 9b), as deter-
mined from dynamic testing with a fixed oscillating
strain amplitude of 3% at 150°C, and other mechan-
ical properties such as Young’s modulus (Figure 7),
tensile strength, and hardness (Table 3). This sug-
gests that the interaction between the ENR and PEBA
phases remains. However, it should be noted that
under dynamic testing conditions at 150°C, the prop-
erties of both ENR and PEBA may be affected, and
the interaction between them could potentially
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Table 3. Mechanical properties of dynamically cured ENR/PEBA blends in terms of tensile strength, elongation at break, hard-
ness, and tension set with different levels of epoxide groups in ENR molecules and ENR-30/PEBA blend ratios.

Epoxide level
[mol%]

ENR content
[wt%]

Tensile strength
[MPa]

Elongation at break
[%]

Hardness
[Shore A]

Tension set
[%]

10 – 6.8±0.2 462±30 55.5±0.5 6.1±0.4
20 – 8.4±0.3 556±25 57.5±0.5 6.0±0.5
30 – 9.6±0.4 593±14 63.5±0.6 5.8±0.3
40 – 12.3±0.3 669±26 64.5±0.5 5.8±0.6
50 – 12.9±0.1 673±04 65.0±0.9 5.6±0.5
– Pure PEBA 21.6±0.3 999±28 77.0±0.6 13.8±0.3
– 20 19.1±0.1 923±16 75.0±0.5 11.0±0.3
– 30 13.7±0.4 789±10 72.0±0.3 10.3±0.2
– 40 12.3±0.2 685±25 68.0±0.8 9.3±0.1
– 50 9.6±0.4 593±14 64.0±0.6 5.8±0.3
– 60 4.2±0.1 248±14 55.0±0.8 5.0±0.1
– 70 3.1±0.1 203±29 44.0±1.0 4.6±0.3

Figure 8. Tanδ versus epoxide level (a) and tanδ versus epoxide content (proportion) (b) in dynamically cured ENR/PEBA
blends at a fixed oscillating frequency of 25 Hz, strain amplitude of 3% at 150 °C. 



change. For instance, the crosslinks in the vulcanized
ENR may start to break down, or the PEBA matrix
may soften or degrade. Therefore, the specific nature
of the interaction between vulcanized ENR domains
and the PEBA matrix under dynamic testing condi-
tions at 150°C would depend on various factors such
as the materials’ specific chemical composition and
properties, the testing conditions, and the type of dy-
namic testing being performed. In Figure 9b, the
storage modulus of pure PEBA displays different
trends compared to the properties of the ENR/PEBA
TPVs in Figure 7 and Table 3. This can be attributed
to the fact that a material can have a high modulus
in a stress-strain test performed at room temperature
but a lower dynamic storage modulus at elevated
temperatures. This variation in behavior can be at-
tributed to the different testing conditions and mech-
anisms that control the material’s response under
those conditions. In a stress-strain test, the material
is usually deformed at a constant rate and at room
temperature. This test is commonly used to assess a

material’s stiffness or its resistance to deformation,
and the modulus value obtained from the test is an
indicator of the material’s overall rigidity. On the
other hand, dynamic testing is utilized to measure
the viscoelastic properties of a material under oscil-
latory deformation at various frequencies. The dy-
namic storage modulus obtained from this test is an
indicator of the material’s ability to store elastic en-
ergy and resist deformation. At elevated tempera-
tures, the mobility of the polymer chains increases,
which can result in a lower storage modulus since
the polymer chains are more flexible. Therefore,
even if a material has a high modulus at room tem-
perature in a stress-strain test, it may exhibit a lower
dynamic storage modulus at 150 °C due to the in-
creased mobility of the polymer chains.

3.5. Thermal properties
Figure 10 displays the results of dynamic mechani-
cal thermal analysis (DMTA). Figure 10a shows the
tan δ curves as a function of tested temperature for
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Figure 9. Storage modulus as a function of oscillating frequency for dynamically cured ENR/PEBA blends. a) Blends with
different levels of epoxide groups in ENR molecules. b) Blends with different ENR-30/PEBA blend ratios.

Figure 10. DMTA thermograms of ENR/PEBA TPVs with different levels of epoxide groups in ENR molecules. a) Repre-
sentative tanδ curves as a function of temperature. b) Thermograms for pure PEBA in terms of storage and loss
moduli, along with tanδ curves as a function of tested temperature.



dynamically cured ENR/PEBA blends with varying
levels of epoxide groups in ENR molecules. On the
other hand, Figure 10b presents the thermograms for
pure PEBA, including the storage and loss moduli
as well as tan δ curves as a function of tested tem-
perature. It is obvious that the area under the tan δ-
temperature curve of ENR/PEBA TPVs decreases as
the epoxide content in ENR molecules increases
(Figure 10a). This trend suggests that the material’s
total energy dissipation or loss factor during cyclic
deformation is decreasing. It is noted that the loss
factor is quantified as the ratio of the energy dissi-
pated to the energy stored in a material during dy-
namic deformation. This observation is consistent
with the decreasing trends of tension set in Table 3
and tan δ in Figure 8, which indicate an increasing
trend of viscoelasticity in terms of elasticity for
ENR/PEBA blends. These properties can serve as
useful indicators of the quality and performance of
the material in various applications. Furthermore,
Figure 10a and Table 4 show that a single glass tran-
sition temperature (Tg) was determined from the
peak of the tan δ curve, in contrast to the double Tgs
observed in Figure 10b for the pure PEBA compo-
nent at approximately –55 and 10 °C. The presence
of a single Tg in the ENR/PEBA blends may be due
to the overlapping of the Tg values of the immiscible
blend components. In addition, it was observed that
the Tg of the blends increased as the epoxide content
in ENR molecules increased, which is contrary to
the decreasing trend observed for the set and damp-
ing properties (as shown in Table 3 and Figure 8).
Increasing the epoxide content in ENR molecules in-
creases the glass transition temperature because it
leads to a higher crosslink density, which restricts the
mobility of the polymer chains and reduces the free
volume in the material, which leads to a higher Tg.

4. Conclusions
Epoxidized natural rubber (ENR) with varying levels
of epoxide groups incorporated into its molecular
structure was in-house synthesized and used to pre-
pare dynamic vulcanizates (DVs) or TPVs based on
ENR/PEBA blends, with the primary objective of
improving the damping properties of PEBA. The
study examined two critical parameters: the effect of
the epoxide group content in ENR molecules and the
impact of blend ratios in ENR-30/PEBA blends on
various TPV properties. The results showed that an
increase in the content of epoxide groups in the
range of 10 to 50 mol% and the ENR proportion in
ENR/PEBA TPVs resulted in improvements in the
final mixing torque, tensile strength, hardness, stor-
age modulus, and Young’s modulus. This enhance-
ment is attributed to the improved chemical interac-
tion between the polar functional groups in the
phenolic vulcanized ENR domains and the PEBA
molecules at the interface, which also led to a reduc-
tion in the size of the ENR domain dispersed in the
PEBA phase of the sea-island morphology. The sig-
nificant discovery of this study is that combining
ENR with PEBA improved the elastic properties,
particularly set properties and damping factor. Fur-
thermore, the properties were further enhanced with
higher epoxirane ring contents and increased levels
of ENR proportion in the blends. Therefore, incor-
porating sustainable green polymers, such as natural
rubber, into engineering materials like PEBA creates
a possibility to develop materials with superior elas-
ticity. This approach also offers an alternative way
to create materials that can biodegrade slowly at the
end of their usage life.
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1. Introduction
The role of polymer composites in the field of mem-
brane technology demands a comprehensive under-
standing and in-depth knowledge of the transport be-
havior of solvents in the composite matrix. The trans-
port properties of solvents in polymer composites are
related to the distribution and reinforcement of fillers
in the matrix. Polymer composites are widely used
as food packaging materials owing to their intrinsic
qualities such as corrosion resistance, lightweight,
enhanced mechanical properties, and thermal prop-
erties [1]. Polymer composites containing chemical-
ly modified fillers empower the production of highly
efficient membranes for pervaporation, ultrafiltra-
tion, reverse osmosis, and gas separation [2–8].
The solvent uptake of polymer composites de-
pends on the characteristics of fillers, temperature,

morphology, type of solvent, free volume, and pro-
cessing conditions [9]. The transport of solvents in
polymers is also affected by crosslink density, free
volume, and structure of the polymer. Polymer chain
segmental motions have a crucial influence on the
processes associated with the diffusion of molecules
through the polymer matrix. Variation in polymer
composition and structure directly affects the free
volume content and distribution, which in turn af-
fects the transport of matter. The transport processes
are interdependent with the polymeric structure and
segmental motion of polymer chains [10].
Natural rubber (NR) based polymer composites are
widely used in the automotive, construction, and elec-
trical industries and for various engineering applica-
tions. Modification of the rubber matrix by the ad-
dition of various fillers generates interesting changes
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in the properties of composites, including transport
properties. Carbonaceous fillers such as carbon nan-
otubes (CNT), graphene, carbon black (CB), carbon
fibers, etc., are extensively used fillers in NR. Among
the carbon nanofillers, graphene and its derivatives
can refine the barrier characteristics of elastomer
composites. Graphene-loaded fluoroelastomer shows
decreased swelling rates in acetone compared to CB-
filled fluoroelastomer composite [11]. Similarly hy-
brid filler combination of graphene with zinc oxide
in NR shows the capacity to resist chemical attack.
The mol% uptake for hybrid filler composites shows
a remarkable decrease of 41.7% for kerosene, 4.4%
decrease for diesel, and 50% for polymethylsilane
(PMS) and water, respectively, when compared to
CB-filled NR as control [12]. CNT is commonly
used as reinforcing fillers in NR due to its high
strength and stiffness, exceptional electrical conduc-
tivity and high thermal conductivity, which can up-
grade the properties of NR. The incorporation of a
hybrid filler system is effective in restraining solvent
penetration through the polymer matrix [13].
CNT/clay hybrid filler system improves the cross -
link density of nitrile rubber (NBR)/NR blends [14].
Conductive carbon black (CCB), also known as elec-
trically conductive black, is used as a reinforcement
agent in the manufacture of electrical components
such as electromagnetic interference (EMI) shielding
shielding agents, static dissipative products and an-
tistatic products [15–17].
The present study focuses on the solvent transport
properties of single filler (CCB) and hybrid filler
(CCB/CNT) reinforced NR composites as a function
of filler concentration and its comparison. Experi-
mentally obtained transport data are evaluated using
different kinetic models such as first-order kinetics,
Higuchi, Korsemayer-Peppas, and Peppas-Sahlin
models. Theoretical understanding of the transport
phenomena in rubber composites is beneficial in ad-
vanced research as well as in the fabrication of com-
posite membranes. Empirical and semi-empirical
mathematical models give a theoretical perspective
of experimental transport data. This helps to eluci-
date the transport mechanism of solvents through the
rubber matrix. Matrix-filler interactions are obtained
from swelling studies and are evaluated using Kraus,
Cunnen-Russel and Lorenz-Park plots. The combi-
nation of exploring a hybrid filler system, investi-
gating the effects of filler ratio, applying kinetic
modeling, and analyzing rubber-filler interactions

contributes to the novelty and importance of the pres-
ent study. The research gap in the reported work lies
in the specific investigation of the synergistic effect
of hybrid filler (CCB/CNT) on the transport proper-
ties of NR and its theoretical comparison as a function
of filler concentration. This aspect has not been ex-
tensively studied before, and understanding the trans-
port behavior in these composite systems is crucial
for various applications in membrane technology.

2. Experimental
2.1. Materials
Natural rubber (NR) of grade ISNR 20 was pur-
chased from the Rubber Research Institute of India
(RRII), Kottayam, Kerala. All the compounding in-
gredients used were of commercial grade. Conduc-
tive carbon black (CCB) was provided by Continen-
tal Carbon India Limited (CCIL), Uttar Pradesh,
India. The iodine number of CCB is 240±10 mg/g;
Brunauer–Emmett–Teller surface area (BET) surface
area is 260±10 m2/g; ash content <0.60 wt% and den-
sity is 320±20 kg/m3. Multiwall Carbon nanotubes
(CNT) with ~99% purity were purchased from Ad-
nano Technologies, India. CNT has a high aspect
ratio; its diameter is ~5–15 nm, length ~10 µm, sur-
face area ~260 m2/g, and bulk density of 0.14 g/cm3.
Toluene obtained from Thermo Fisher Scientific Inc.
(USA) (molecular weight: 92.14 g/mol, density:
0.866 g/cm3 and solubility parameter 18.3 MPa1/2)
was employed for the diffusion studies of rubber
composites.

2.2. Preparation of rubber composites
NR/CCB and NR/CCB/CNT composites were pre-
pared by mixing NR and fillers in a Brabender plas-
tograph for 8 min at 100 °C and 60 rpm. Amount of
CCB is varied from 5 to 20 phr in NR/CCB compos-
ites and all NR/CCB/CNT composites contains
20 phr CCB. The amount of CNT is varied from 0.5
to 5 phr. Curatives were added in an open two-roll
mill at room temperature for a total mixing time of
15 min. Preparation method of NR/CCB composites
is reported in our previous work [18]. All the pre-
pared NR composites contain 5 g – zinc oxide, 3 g –
stearic acid, 1.3 g – N-cyclohexyl-2-benzothiazole-
sulfenamide (CBS), 0.1 g – 2-mercaptobenzothiazole
(MBT), and 2.8 g sulfur corresponding to 100 phr
NR. The samples were moulded in an electrically
heated hydraulic press at 150 °C under a pressure of
about 120 bar to the optimum cure time determined
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from Moving Die Rheometer ASTM D5289. The
NR/CCB samples are coded as NBx and
NR/CCB/CNT samples are coded as NBxCy where
‘N’ represents natural rubber, ‘B’ represents conduc-
tive carbon black (CCB), ‘x’ represents the quantity
of CCB [phr], ‘C’ represents carbon nanotubes (CNT),
and ‘y’ represents the quantity of CNT [phr].

2.3. Characterization methods
2.3.1. Transport studies
The transport behavior of samples in toluene was
studied at room temperature. Circular-shaped sam-
ples were immersed in 20 ml toluene and taken in
closed diffusion bottles. The weight and thickness of
the samples before immersing in a solvent were
measured and recorded. The weight of the samples
was taken in specific intervals until equilibrium
swelling was reached. Each weighing was completed
within 30 s to minimize the error due to the evapo-
ration of solvent during weighing. The solvent up-
take Qt [%] of the samples was computed using the
Equation (1) [19]:

(1)

where mt is the mass of the sample at the time t of
immersion and m0 is the mass of the sample before
immersion in the solvent. MS is the molecular mass
of solvent. Here, the molecular mass of toluene is
92.14 g/mol.

2.3.2. High-resolution transmission electron
microscopy (HRTEM)

The distribution of CCB in the NR was analyzed
through transmission electron microscopy (TEM)
using JEOL-JEM 2100, Japan, and operated at 200 kV.
The ultra-microtome (Leica, Ultracut UCT) was em-
ployed to crosscutting of specimens into ultrathin
sections and sited on 300 mesh Cu grids at room
temperature.

2.3.3. Swelling studies and crosslink density
measurements

The swelling index indicates the swelling resistance
of the rubber composites and is obtained using Equa-
tion (2) [20],

(2)

where W1 and W0 are the weight of the samples after
swelling and before swelling in toluene. The swelling
behavior of rubber composites can also be analyzed
from the swelling coefficient value (α), which is an
index of the ability with which the samples swell and
is given by the Equation (3) [20]:

(3)

where W∞ is the weight of the sample at equilibrium
swelling in the solvent, W0 is the weight of the sam-
ples before swelling and ρS is the density of the sol-
vent used. Here density of toluene used is
0.866 g/cm3.
The toluene swelling method defined in ASTMD-
0471-16a was used to determine the crosslink den-
sities of the samples. Circular-shaped samples are
weighed and allowed to swell in toluene until equi-
librium. Then after weighing, swelled samples are
air-dried for 72 h to measure the de-swollen weight.
The apparent crosslink density value is given by 1/Q
where Q is the swell ratio and is given by Equa-
tion (4) [20]:

(4)

The actual crosslink density of the samples is calcu-
lated using the Flory-Rehner equation (Equation (5))
[20–23]:

(5)

where Vrf is the volume fraction of rubber in the sol-
vent-swollen filled sample, χ is the interaction pa-
rameter given by Equation (6) [24], ρr is the density
of the polymer and Vs is the molar volume of solvent.
Here molar volume of toluene is 106.3 cm3/mol:

(6)

where β is the lattice constant (0.34), R is the uni-
versal gas constant, T is the temperature, δp and δs
are the solubility parameters of the polymer and sol-
vent, respectively.

3. Results and discussion
3.1. Kinetic studies of transport properties
Transport properties of NR/CCB and NR-CCB/CNT
systems are analyzed in toluene. The effect of filler
on the solvent uptake of NR is depicted in Figures 1
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and 2. Solvent absorption initially increases rapidly
due to the solvent molecules’ high concentration gra-
dient in the NR matrix. Then the sorption approaches
equilibrium, as indicated by the plateau region of the
sorption curve. From Figure 1, it is clear that the sol-
vent uptake of NR/CCB systems decreases signifi-
cantly as a function of weight percentage of filler.
This can be described in terms of the formation of
filler-filler and matrix-filler networks, which hinder
the diffusion of solvent molecules. The incorporation
of hybrid filler further decreases the solvent uptake
due to the increase in tortuosity of the diffusing path
in the presence of CNT. Similar observations were
found in the solvent transport behavior of the hal-
loysite nanotubes-filled NR system [13]. A schematic

illustration of the proposed hybrid filler network of
CCB and CNT is given in Figure 3.
The diffusion coefficient and permeability coeffi-
cient values of the CCB and CCB/CNT loaded sys-
tems are given in Table 1. The diffusion coefficient
is calculated from the equation derived from the sec-
ond Fickian law (Equation (7)) [25–28]:

(7)

where h is the thickness of the sample, θ is the slope
of the initial linear portion of the plot of Qt [%]
against t1/2, and Q∞ the equilibrium absorption. The
diffusion coefficient gives the diffusion rate of sol-
vent molecules into the polymer matrix. The diffu-
sion coefficient value decreases linearly with filler
loading. Polymer-filler interaction has decreased the
availability of free voids, thereby restricting solvent
diffusion through the matrix.
The permeability coefficient (P) of toluene in the
NR/CCB and NR/CCB/CNT composites is given by
Equation (8) [29]:

(8)

where D is the diffusion coefficient and S is the sorp-
tion coefficient. The sorption coefficient is calculat-
ed from the Equation (9) [24]:

(9)

where m∞ is the mass of the solvent absorbed at equi-
librium and m0 is the mass of the sample before im-
mersion in the solvent. Sorption involves the initial 
penetration of solvent molecules and their dispersion 
across the rubber matrix [30] So, the sorption coeffi-
cient depends on the solvent-rubber interaction. The 
permeability coefficient has both contributions from 
diffusion and sorption. Decreasing the permeation 
coefficient with filler loading also suggests improved
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Figure 1. Sorption curves of NR/CCB systems.

Figure 2. Sorption curves of NR/CCB/CNT systems.

Figure 3. Schematic illustration of hybrid filler network of CCB and CNT.



filler-matrix interaction with increasing CCB and
hybrid filler content. The permeation coefficient is
decreased further upon the introduction of CNT to
the single filler system. The interaction of filler and
rubber restricts solvent swelling by the formation of
crosslinks, which in turn, reduces the segmental mo-
bility of rubber chains. Decreased flexibility of the
chains as well as the reduction in the number of
voids in the matrix, provides a hindrance to the dif-
fusion of solvent molecules.
The mode of transport is analyzed using Equa-
tion (10):

(10)

where Qt is the solvent uptake at time t and Q∞ is the
equilibrium solvent uptake. The constants n and k
are determined from the linear portion of the plot Qt
versus t1/2 (Figures 1 and 2) through power regression
analysis. The value of k depends upon the structural
characteristics of polymer and polymer-solvent inter-
action, and n indicates the transport mechanism. The
n values are computed (Table 2) and are in between
0.5 and 1 for all composites indicating the non-Fickian
mode of transport [20, 27, 31, 32]. For the non-Fickian

mode, the chain relaxation is much slower than the
solvent penetration. A high degree of restriction pro-
duced by the filler particles reduces the segmental
mobility of the rubber matrix [33]. Thus, the poly-
mer matrix requires more time for rubber chain re-
arrangement in response to swelling stress to accom-
modate solvent molecules. Moreover, incorporated
CCB particles diffuse into the cross-linked polymer
chains and restrict the chain relaxation.
Theoretical computation is performed on the exper-
imental solvent uptake properties of NR-filler system
to attain a better understanding of the mode of trans-
port in composites. We have employed first-order ki-
netics, Higuchi, Korsemayer-Peppas, and Peppas-
Sahlin models to evaluate the transport properties.
The first-order kinetic equation is given as (Equa-
tion (11) [27]:

(11)

where Qt is the solvent uptake at time t, Q∞ is the
equilibrium solvent uptake, k is the first-order rate
constant. The correlation coefficient (R2) obtained
suggests that solvent diffusion in NR/CCB and
NR/CCB/CNT composites does not follow first-order
kinetics. Higuchi’s model proposed that diffusion is
based on Fick’s law and also it depends on the square
root of time. This model is based on the following hy-
pothesis: (a) diffusion is one dimensional, (b) the dif-
fusing particles are much smaller than matrix sys-
tems, (c) diffusivity is a constant and (d) matrix
swelling and diffusion are constant [34] Higuchi
model is simplified as Equation (12):

(12)

where kh is the Higuchi dissolution constant, t is the
time and Qt is the solvent uptake. Higuchi dissolu-
tion constant decreased linearly with an increase in
filler loadings. Korsemeyer-Peppas [35] model helps
to analyze the transport mechanism by the exponen-
tial Equation (13):

(13)

where k is the kinetic constant, n is the diffusional
exponent that indicates the transport mechanism.
Peppas-Sahlin model is based on the theory that the
transport mechanism has diffusional and relaxational
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Table 1. Diffusion coefficient and permeability coefficient.

Sample D·10–6

[cm2/s]
P·10–6

[cm2/s]
NB0 2.14 7.45
NB5 1.96 6.29
NB10 1.74 5.18
NB15 1.45 3.86
NB20 1.22 3.08
NB20C0.5 1.16 2.79
NB20C1 1.10 2.66
NB20C3 1.01 2.23
NB20C5 0.90 1.88

Table 2. Constant n indicating transport mechanism.
Sample n
NB0 0.62
NB5 0.62
NB10 0.63
NB15 0.64
NB20 0.61
NB20C0.5 0.62
NB20C1 0.62
NB20C3 0.62
NB20C5 0.62



contributions, which are additive in nature [36]. Pep-
pas-Sahlin equation is given by Equation (14) [37]:

(14) 

where first term of the right-hand side is the Fickian
contribution, the second term is the case-II relax-
ational contribution and m is the purely Fickian dif-
fusion exponent for a device of any geometrical shape
that exhibits controlled release. Previous works on
transport mechanisms of polymeric systems have
shown that k1 > k2 implies a diffusion-controlled
mechanism, k1 < k2 implies a matrix-controlled
mechanism, and k1 = k2 implies a combination of dif-
fusion-controlled and matrix-controlled mechanisms
[19]. Constants of various kinetic models are given
in Table 3. Peppas-Sahlin model fits well for the sol-
vent diffusion of NR/CCB and NR/CCB/CNT com-
posites. In Peppas-Sahlin theoretical prediction, the
k1 values of all compositions are greater than k2. The
constant k1 decreases with CB addition up to 15 phr.
NB20 has k1 value higher than NB0. CNT-incorpo-
rated composites have almost similar k1 values. The
constant values obtained suggest diffusion controlled
transport mechanism in all samples. Fickian diffu-
sion of solvent molecules in the composites is driven
by the chemical potential gradient. Theoretical pre-
dictions of solvent permeation of NB20 using
Higuchi, Korsemayer-Peppas and Peppas-Sahlin are
depicted in Figure 4.

3.2. Theoretical prediction of rubber-filler
interaction from swelling studies

The extent of interaction between rubber and CCB
and CCB/CNT can be analyzed using Kraus [38],
Cunneen and Russel [39] and Lorenz and Park [40]
equations. Kraus equation is (Equation (15)):

(15)

where Vr0 is the volume fraction of rubber in the sol-
vent-swollen gum vulcanizate, m is the polymer-
filler interaction parameter, f is the volume fraction of
filler, and Vrf is the volume fraction of rubber in the
solvent-swollen filled vulcanizate and is given by the
Ellis and Welding equation (Equation (16)) [41]:

(16)

where d is the non-swollen weight of the sample, f
is the weight fraction of filler, W is the initial weight
of sample, ρp is the density of polymer, ρS is the den-
sity of solvent and AS is the amount of solvent ab-
sorbed. Plot of Vr0/Vrf against f/(1 – f) gives a straight
line whose slope m gives the direct measure of rein-
forcement by CCB and CCB/CNT. According to
Kraus model, reinforcing fillers will have a negative
slope [42–44]. Vr0/Vrf represents the extent of swelling
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Figure 4. Model fitting of solvent permeation of NB20 using
Higuchi, Korsmeyer-Peppas and Peppas-Sahlin
equations.

Table 3. Correlation coefficients and constants of various kinetic models.
Sample NB0 NB5 NB10 NB15 NB20 NB20C0.5 NB20C1 NB20C3 NB20C5

First order kinetics
k 0.0136 0.0134 0.0132 0.0163 0.0155 0.0156 0.0151 0.0148 0.0146
R2 0.8287 0.8390 0.8814 0.8861 0.8907 0.8595 0.8621 0.8766 0.8727

Higuchi model
kh 0.0519 0.0518 0.0511 0.0512 0.0508 0.0293 0.0293 0.0290 0.0291
R2 0.8236 0.8226 0.8255 0.8201 0.8216 0.9595 0.9656 0.9691 0.9523

Korsemayer-Peppas
model

k 0.1824 0.1814 0.1759 0.1807 0.1820 0.2189 0.2240 0.1544 0.1546
n 0.2753 0.2760 0.2790 0.2745 0.2716 0.2379 0.2341 0.2716 0.2716
R2 0.9741 0.9878 0.9879 0.9864 0.9714 0.9846 0.9833 0.9863 0.9808

Peppas-Sahlin
model

k1 19.7668 13.3063 12.6867 11.5134 19.8209 19.7565 19.7498 19.7363 19.9999
k2 –20.2244 –13.8480 –13.1724 –12.0388 –20.3471 –20.2367 –20.2425 –20.2549 –20.0001
m –0.0131 –0.0214 –0.0211 –0.0242 –0.0137 –0.0136 –0.0138 –0.0139 –0.0046
R2 0.9821 0.9816 0.9829 0.9847 0.9891 0.9844 0.9868 0.9872 0.9864



restriction of the rubber matrix owing to the pres-
ence of incorporated filler. Kraus plots are given in
Figures 5. Here, as the CCB loading increases the
solvent uptake of the samples decreases (Figure 5a).
Consequently, the Vrf values increase, leading to de-
creases in Vr0/Vrf values with the filler loading of
CCB. Kraus plot gives a negative slope signifying
the reinforcement effect of CCB on the rubber ma-
trix. Kraus plot of NR/CCB/CNT systems also gives
a negative slope suggesting the synergistic effect of
the hybrid filler system on NR matrix. Well-dis-
persed CCB aggregates and hybrid filler networks
of CCB and CNT create stronger interfaces in NR
matrix. This leads to the restriction of solvent ab-
sorption in the NR.
Cunneen-Russel equation is Equation (17) [22]:

(17)

Plot of Vr0/Vrf against e–z, where z is the weight frac-
tion of filler, gives a straight line with slope a and in-
tercept b. The cunneen-Russel plot of NR/CCB and
NR/CCB/CNT composites is given in Figure 6. A

positive slope indicates the reinforcement effect of
filler on the rubber matrix. Incorporating CCB and
hybrid fillers renders a positive slope of the Cunneen-
Russel plot, which again supports the fact that the
filler effectively interacts with the rubber matrix [22].
Lorenz and Parks equation is Equation (18) [45]:

(18)

where Q is the amount of solvent imbibed per unit
weight, f and g refer to filled and gum rubber vul-
canizates, a and b are the constants that depend on
the filler activity and z is the weight fraction of filler
in the rubber composites. The Qf/Qg values indicate
the rubber-filler interaction. Decrease in Qf/Qg with
filler loading signifies a greater extent of filler-ma-
trix interaction. Lorenz and Parks plot of NR/CCB
and NR/CCB/CNT composites is given in Figure 7.
Plot of Qf/Qg against e–z gives a straight line with a
positive slope of 1.9267 and y-intercept of –0.9116
for NR/CCB composites. NR/CCB/CNT composites
yield a positive slope of 3.6423 and y-intercept of 
–2.3649. A higher value of constant a and lower
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Figure 5. Kraus plots: a) NR/CCB systems b) NR/CCB/CNT systems.

Figure 6. Cunneen-Russel plots; a) NR/CCB systems b) NR/CCB/CNT systems.



value of constant b indicates the extent of polymer-
filler interaction [45]. The value of constant ‘a’ in-
creased for hybrid filler incorporated NR than single
filler system, suggesting the enhanced polymer-filler
interaction for hybrid system. Higher difference be-
tween constant values ‘a’ and ‘b’ point towards the
distinguished filler- rubber interaction.
The morphology of the hybrid filler system is eval-
uated using TEM. TEM images of the NB20,
NB20C3 and NB20C5 is given in Figure 8. CCB ag-
gregates in the matrix are linked together to form a
filler network across the matrix in NB20 and some
voids can also be present in the matrix (Figure 8a).
Extensive filler network formation of CNT and
spherical CCB particles are seen when 3 phr of CNT
is added to 20 phr CCB (Figure 8b). CNT and CCB
particles are uniformly dispersed in the rubber ma-
trix. A similar morphology is observed for NB20C5
also, but voids observed are less when compared to
NB20C3 (Figure 8c). Effective filler network forma-
tion and uniform dispersion of fillers can be ex-
plained in terms of the combination of two process-
ing techniques employed for compounding. Morpho-
logical data support the previous results of Kraus,

Cunnen-Russel and Lorenz-Park analysis of swelling
studies.

3.3. Swelling index and crosslink density
The swelling index and swelling coefficient of
NR/CCB and NR/CCB/CNT composites are present-
ed in Table 4. Both swelling index [%] and swelling
coefficient decrease linearly with filler loading in-
crease, indicating the restriction of swelling in the
filled composites. Hybrid filler network formation
restricts the movement of solvent particles through
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Figure 7. Lorenz-Park plots; a) NR/CCB systems b) NR/CCB/CNT systems.

Figure 8. TEM images; a) CCB aggregates in NB20; CNT/CCB network in b) NB20C3 and c) NB20C5.

Table 4. Swelling index [%] and swelling coefficient.

Sample Swelling index
[%] Swelling coefficient

NB0 339.6 3.92
NB5 317.9 3.67
NB10 292.8 3.38
NB15 262.8 3.03
NB20 248.2 2.86
NB20C0.5 240.1 2.77
NB20C1 238.4 2.75
NB20C3 220.0 2.54
NB20C5 211.0 2.43



the polymer matrix. Swelling values gives an insight
into the crosslink density of samples. CCB and CNT
fillers occupy the free volume of NR matrix resulting
in a decrease in the voids in the rubber matrix. The
incorporation of fillers offers a tortuous path for dif-
fusing solvent molecules. Thus, the solvent uptake
of the filled composites decreases.
The extent of crosslinking can be deducted from the
Vrf values of the composites. Table 5 shows the Vrf
values of the NR/CCB and NR/CCB/CNT compos-
ites. Vrf values are gradually increasing with the filler
loading, pointing towards the better interaction of
rubber-filler and the formation of crosslinks. Appar-
ent crosslink density values given by 1/Q in Table 5
also support the same.
The crosslink density of the NR/CCB and
NR/CCB/CNT composites is constantly increasing
with filler loading (Table 5). It further supports the
reinforcement effect of CCB on NR matrix and the
synergistic effect of hybrid filler as well. The values
of crosslink density indicate the physical and chem-
ical crosslinks in the system, such as sulfidic link-
ages, filler-filler and filler-rubber interactions [46].

4. Conclusions
Incorporating hybrid filler consisting of CCB and
CNT in NR composites leads to forming a filler net-
work that enhances the transport properties of the
composites. The hybrid filler system exhibits in-
creased crosslink density and reduced diffusion co-
efficient compared to composites containing a single
filler. Crosslink density of NR increased significant-
ly upon the addition of 20 phr of CCB. Moreover, the
addition of 5 phr CNT along with 20 phr CCB fur-
ther enhanced the crosslink density, thereby reducing
the diffusion coefficient by around 42% when com-
pared to neat NR. Theoretical models were applied
to the diffusion data for a better understanding of the

transport mechanism. The morphological character-
ization and theoretical analysis confirm the rubber-
filler network formation in NR/hybrid filler systems.
Hybrid filler NR composites demonstrate superior
transport characteristics compared to composites
with single fillers.
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