
Around 30 years after the discovery of poly(ethyl-
ene terephthalate) (PET), in 1973, DuPont designer
Nathaniel Wyeth developed the first transparent
plastic bottle made from this material, which can
withstand the pressure of carbonated liquids (https://
doi.org/10.1016/j.wasman.2007.11.003). Over the
past 50 years, this product has spread worldwide,
with about 30 million tons of PET bottles now being
produced yearly (https://doi.org/10.1016/j.resconrec.
2020.105014), representing about 7% of total plas-
tic consumption. Presumably, this is why the PET
bottle has become a symbol of plastics for ordinary
people.
The fact is that plastic packaging can increase sales:
for example, in Hungary, where good quality drink-
ing water is available in almost every household, in
the 1980s, the average person bought 3 liters of bot-
tled mineral water a year, while today it is 130 liters.
This is partly thanks to PET bottles: they are stylish
and aesthetic, encourage us to buy, and we feel safer
drinking packaged water instead of tap water. How-
ever, there are many places in the world where PET
bottles are the only means of providing people with
good quality drinking water (https://doi.org/10.34172/
hpp.2021.09); in these areas, they can mean not only
comfort but also survival. Like other packaging, the
use of bottles is often justified on functional grounds
(shelf life, transportability, etc.), but in many cases,
they are used purely for marketing purposes. In terms
of sustainable development, we should strive not to
waste the good qualities of plastics: the low weight
of the product, its cost-effectiveness, or its aesthetic

optical properties, so not to use them unnecessarily.
This is not only the responsibility of manufacturers,
who primarily satisfy the demand generated by con-
sumers. It is up to each individual to decide what
products or packaging they buy, as their purchases
can have a knock-on effect on the development di-
rections of manufacturers. Therefore, it is important
that, in addition to institutional education and re-
search, polymer experts should also disseminate up-
to-date knowledge on plastics to a wide range of so-
ciety. This would help to raise people's awareness of
their personal responsibility for the management of
packaging and to emphasize that plastics are not just
packaging materials.
PET bottles that end up in nature because of improp-
er waste management are not only unsightly but
could also pose a threat to wildlife when they de-
compose in the natural environment. It has been
shown that inorganic and organic substances associ-
ated with PET degradation can promote the adsorp-
tion of inorganic compounds onto weathered plastic
surfaces, with implications for the transfer of haz-
ardous chemicals to marine life (https://doi.org/
10.1038/s41529-023-00377-y). Recognizing this,
plastic waste recovery from rivers, seas and oceans
has started in recent years (https://doi.org/10.1088/
1748-9326/abbb4f).
The large amount of PET bottle waste generated has
led some to predict an ecological disaster, even
though the solution is relatively simple from a tech-
nological point of view, and many countries have al-
ready achieved good results in terms of professional
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waste management. Once separated from other ma-
terials, PET waste can be recycled by physical-me-
chanical and chemical methods. However, this re-
quires collection and appropriate sorting. Decision-
makers and the public in the countries have a role in
building the necessary infrastructure and ensuring its
efficient operation. The regulation of plastic waste
management is becoming more and more stringent
to promote the transition to a circular economy. This
has led to legislation such as the European Single-
Use Plastics Directive, which aims, among other
things, to increase the collection rate and implement
closed-loop recycling of PET bottles (https://doi.org/
10.1016/j.cogsc.2021.100462).
Recycling initially involved the production of low-
value textiles and nonwovens from collected PET
waste, but in recent decades, a number of technolo-
gies have been developed to purify bottle waste to
food-grade quality and compensate for molecular
weight loss by solid-state polycondensation (https://
doi.org/10.1038/s41586-020-2149-4). In addition to
the bottle-to-bottle process, it is now possible to de-
velop technical products from waste with a longer

lifetime, for example, by improving mechanical
properties or flame resistance (https://doi.org/10.1007/
s10973-022-11423-3). Increasingly large capacity
plants for chemical recycling of more contaminated
waste are being built worldwide, mainly based on
methanolysis, ammonolysis and glycolysis. New
opportunities for biological recycling through enzy-
matic degradation of PET are also opening up, and
PET has been successfully synthesized from the re-
sulting monomers (https://doi.org/10.1038/s41586-
020-2149-4).
The rational use and proper post-consumer manage-
ment of PET bottles minimize the risk of environ-
mental harm. In 50 years, humankind has learned a
lot about the benefits and drawbacks of plastic pack-
aging, and hopefully, after an initial, sometimes ir-
rational consumption, their use will be balanced in
more and more countries as the best available recy-
cling technologies become more widespread. The
aim in the upcoming decades is to continue along
this path so PET bottles will become a symbol of re-
newal and the recycling of materials rather than a
symbol of disposable, worthless things.
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1. Introduction
Polymer foam is a kind of functional polymer with
many pores inside [1]. Due to their unique cellular
structure properties, lower weight and mechanical
damping make the foams attractive in many appli-
cations [2, 3]. Specially, silicone rubber foam (SF)
possesses the advantages of flexibility, electrical in-
sulation and excellent chemical and thermal stability
[4, 5] and many applications in energy absorption
and insulation [6–8]. However, the presence of a large
number of cellular structures causes the foam to turn
into thermal insulation and destroy its mechanical
strength which limits the use of foam in situations

where both mechanical damping and thermal con-
ductivity requirements [9, 10], such as the battery
and the sensors of vehicles.
Adding high thermal conductivity (K) fillers to the
polymer matrix is an effective way to improve ther-
mal conductivity [11, 12]. Li et al. [13] proposed a
simple foaming method to immobilize the thermal
conductive pathway using the gelation of cured poly-
saccharides under heating conditions, and a high K
of 1.253 W·m–1·K–1 was recorded from a 3D-Al2O3-
PDMS composite with high alumina loading
(69.6 wt%) prepared by vacuum-assisted impregna-
tion. Zhang et al. [14] synthesized a carbon nanotube
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and graphene oxide composite 3D network by a sim-
ple self-assembly process to prepare foam compos-
ites, and the results showed that the electrical, ther-
mal, and mechanical properties of the composites
could be effectively improved [15, 16]. The type and
proportion of fillers affect the constructive effect of
thermal conductive networks, and the synergistic ef-
fect of mixed fillers is closely related to the magni-
tude of thermal conductivity [17–19].
The purpose of this paper is to utilize the shock-ab-
sorbing properties of silicon foam to reduce the dam-
age to electronic components in the collision
process, and the heat can be quickly transferred out
simultaneously. It has been reported that the combi-
nation of one-dimensional carbon fiber and particles
with high K makes it easier to obtain a continuous
structure with high thermal conductivity [20]. There-
fore we designed a series of hybrid SF filled with
high K fillers of Al powder (230 W·m–1·K–1) [21,
22] and the carbon fiber (CF, 900 W·m–1·K–1) [23,
24] to investigate the relationship between fillers and
thermal conductivity of SF composites. It was found
that the thermal and mechanical properties of SF
filled with different sizes of Al (5, 10 and 30 μm)
and CF were improved. In addition, we constructed
a more efficient thermal conductive pathway using
the filler synergy between Al powder and CF, and
the optimized Al-CF-SF composite obtained the
highest K (1.37 W·m–1·K–1). Infrared thermography
also showed that the increase in the filler amount and
external pressure favored the heat transfer rate of SF
composites.

2. Experimental section
2.1. Materials
Liquid silicone rubber (F663A and F663B) was sup-
plied by Hongyejie Technology Co., Ltd. (Guang-
dong, China). Mix component A and component B

in a 1:1 ratio, with a foaming coefficient of three
times. Short-cut carbon fibers (CF, >99%) with a di-
ameter of 45 μm and a length of 7–10 μm were pro-
cured from Cangzhou Zhongli New Material Tech-
nology Co., Ltd. (Hebei, China). Aluminum powders
with purity of 99.9% were supplied by Ansteel
Group Aluminum Powder Co., Ltd. (Liaoning,
China). In this article, three different particle sizes
of Al powders of 5, 10, and 30 μm were used as
fillers. All chemical reagents used in this paper were
analytically pure and did not require further purifi-
cation at the time of use.

2.2. Composite preparation
First, component A was prepared by mixing hydrox-
yl-containing silicone oil and Karstedt catalyst for
two minutes. Similarly, component B consists of hy-
drogen-containing silicone oil and an inhibitor. Com-
ponent A was mixed with component B in a weight
ratio of 1:1, and the H-containing silicone oil and the
OH-silicone oil reacted in the presence of the catalyst
to produce hydrogen (H2), and H2 also acts as a foam-
ing agent. And then, the mixture is put in the middle
of two glass plates, and pressed down by four weights
(1 kg) on the top plate. Finally, the glass plate was
transferred to an oven for heat treatment at 30°C for
24 h for foaming. We named the silicone rubber foam
prepared without any fillers SF. For the hybrid SF,
the thermally conductive filler (CF/Al) is uniformly
mixed with component A/B through mechanical stir-
ring. The other steps are the same as the preparation
of SF. According to the type and content of fillers, the
naming of hybrid SF is detailed in Table 1.

2.3. Characterization
Scanning electron microscopy (SEM) images were
obtained by using a field emission electron micro-
scope (FEI-Quanta FEG 250, USA). Before shooting
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Table 1. The formulation of the SF, Al-SF, CF-SF, and Al-CF-SF.

Sample name Component A
[wt%]

Component B
[wt%]

Al
[wt%]

CF
[wt%]

SF 50 50 0 0
Al-SF(20 wt%) 40 40 20 0
Al-SF(40 wt%) 30 30 40 0
Al-SF(60 wt%) 20 20 60 0
CF-SF(20 wt%) 40 40 0 20
CF-SF(40 wt%) 30 30 0 40
CF-SF(60 wt%) 20 20 0 60
Al-CF-SF(60 wt%) 20 20 2 58



the SEM, the sample was cut into a small flat surface
and fixing to the sample stage with a conductive
adhesive, and sputtering gold was performed on the
surface of the samples to increase the conductivity;
the test voltage is 3 or 5 kV. X-ray differentiation
(XRD) patterns were taken from a Rigaku diffrac-
tometer (D/Max 2500, Japan) with Cu Kα radiation
(λ = 0.154598 nm) and scanned from 20° to 70° at a
rate of 5°·min–1. Tensile and compression tests were
obtained by an electronic universal testing machine
(XJ830, Shanghai Xiangjie Testing Instruments Co.,
Ltd.). The elongation at break and tensile strength of
silicone foam was characterized according to ASTM
D412-98a. Dumbbell-shaped specimens with a nar-
row width of 1.3 mm were tested at room tempera-
ture at a tensile speed of 5 mm·min–1, and three par-
allel tests were performed for each group of speci-
mens, and the average values were taken. Because
the specimen is too thin, the compression test did not
use the national standard, instead the sample was a
small 30 mm diameter disc, and the loading rate was
1 mm·min–1. The thermal conductivity was tested by
a heat flow method thermal conductivity instrument
(DRL-V, Xiangtan Xiangyi Instruments Co. Ltd.,
Hunan, China). The infrared (IR) thermal images
were captured by an IR camera (HIKMICRO, H11,
China). Thermogravimetric analysis (TGA) was per-
formed with a TGA 209F3A (NETZSCH, Germany)
in the range of 40 to 800°C at a 10°C·min–1 heating
rate under an air atmosphere. Fourier transform in-
frared spectrometer (Perkin Elmer, America) can ob-
tain spectra with a resolution of 0.5 cm–1 in the wave
number range of 4000 to 400 cm–1. We use a

100×100×1 mm sheet for the voltage breakdown test
(Jilin Feng Yuan Precision Electronic Equipment
Co., Ltd., China).

2.4. Finite element simulation experiment
The simulations were modeled in two dimensions
using SEM images as a reference in a 200×150 μm
area of the matrix. Silicone is the matrix, and circles
of different diameters represent similarly sized alu-
minum spheres that are randomly distributed in the
matrix. Rectangles of different sizes represent CF,
which is anisotropically distributed within the ma-
trix, and ellipses represent vesicles produced by foam-
ing. For transient heat transfer analysis, a constant
temperature of 353.15 K was set at the lower bound-
ary, and an ambient temperature of 298.15 K was set
at the upper boundary, the left and right boundaries
were designated as insulating boundaries, and the
vesicles were set to radiate from the surface to the
ambient.

3. Results and discussion
3.1. Microstructure of the composite materials
The specific preparation scheme is shown in Figure 1.
Component A containing Si–OH bond with compo-
nent B containing Si–H bond can crosslink together
and produce hydrogen gas (H2) in the presence of
catalysts. The reaction occurs at 30 °C for foaming,
the generated H2 acts as foaming agent, and there-
fore the production process is simple and clean. CF
and Al powder are both high thermally conductive
fillers; they can be evenly dispersed within the sili-
cone oil matrix. After mixing, they are evenly spread
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Figure 1. a) Preparation scheme of silicone foam with heat transfer network, b) foam generation mechanism.



on the glass plate and a certain pressure is applied,
which can control the foam thickness. The K of SF
composites can be improved by forming thermal
conductive paths inside the composites so that the
excess heat can be dissipated.
Figure 2a shows the IR spectra of silicone oil A/B
and SF. The peak at 3450 cm–1 is the absorption of
the O–H group, which comes from H2O in KBr. The
peaks at 2977 and 1277 cm–1 are the absorption of
Si–CH3 stretching and bending vibrations, respec-
tively. The peak at 1650 and 1420 cm–1 corresponds
to the expansion vibration of CH2=CH2. The peaks
at 1094 cm–1 are the Si–O–Si group of the coupling
agent. The peak at 809 cm–1 is the stretching vibra-
tions of the –CH=CH2 and Si–CH3 groups [25]. The
peak at 3750 cm–1 in component A is the absorption
of Si–OH deformation vibrations. The peak at
2185 cm–1 in component B is the absorption of the
Si–H group. As can be seen from the figure, the
peaks at 3750 and 2185 cm–1 disappear after the syn-
thesis of SF, indicating that components A and B
were successfully crosslinked. In addition, after
adding the filler Al spheres and CF, the infrared spec-
trum of SF did not produce new peaks, indicating
that there is only physical mixing between the filler
and the SF without chemical reaction.
The crystal structure analysis of the composites was
performed and the XRD spectra is shown in Figure 2b.
The peaks observed at 26.3° and 54.1° are the dif-
fraction peaks corresponding to carbon with the cor-
responding crystal planes (002) and (004). The peaks
observed at 38.4°, 44.7°, and 65.1° are the diffraction
peaks corresponding to Al spheres with correspon-
ding crystal planes (111), (200), and (220). With the

increase of CF content, the higher the intensity of the
diffraction peak of carbon peak, the amount of Al
spheres in the Al-CF-SF is very little, so the intensity
of the diffraction peak is weak.
Without any fillers, pristine SF dispersed a soft and
transparent appearance (Figure 3). A large number
of closed cells with an average diameter of 500–
1500μm were formed in SEM images, and the wall
thickness is around 150 μm between the vesicles.
Al spheres with the size of 5, 10, and 30 μm were
used as fillers to investigate the effection of particle
size on the cellular size, and thermal and mechanical
properties. After being filled with Al particles, the hy-
brid Al-SF appears gray (Figure 4). From the SEM
images of 5 μm Al particles filled SF (Al-SF) in
Figure 4, it can be seen that the Al spheres are uni-
formly dispersed in the matrix. When the filling
amount of Al sphere is 20 wt%, the size of the bubble
pore is about 650 μm; as the filling amount of Al
spheres increases, the bubble pores are destroyed, and
the size decreases. With the filling amount of 40 wt%,
the pore size is about 350 μm, and with the filling
amount of 60 wt%, the pore size is about 230 μm. It
can be seen that the increase in the number of Al
spheres makes the bubble holes get destroyed, and the
bad conductor of heat is reduced, which is conducive
to the formation of thermal conductivity paths.
When filled with 10 μm Al spheres, the foam size of
Al-SF was 400 μm at 20 wt% filling, which was
200 μm smaller than 5 μm filled Al-SF, and the cell
sizes were reduced by 70 and 20 μm at 40 and
60 wt% filling, respectively (Figure 5).
The SEM images of 30 μm Al particles filled Al-SF
composite are shown in Figure 6. When the filling
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Figure 2. a) Fourier transform infrared spectrum of matrix and SF. b) The XRD patterns of SF, Al-SF, CF-SF and Al-CF-SF.
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Figure 3. a) The appearance (d = 30 mm) and SEM images at b) 150×, c) 500×, d) 2000× of pristine SF.

Figure 4. Morphology of 5 μm Al particles filled sample (Al-SF), Al with 20 wt% filling: a) appearance (d = 30 mm), SEM
at b) 150× and c) 2000×. Al with 40 wt% filling: d) appearance (d = 30 mm), SEM at e) 150× and f) 2000×. Al
with 60 wt% filling: g) appearance (d = 30 mm), SEM at h) 150× and i) 2000×.



amount was 20 wt%, the size of vesicles was 350 μm
and open pores with a size of 100 μm started to ap-
pear. Under the same filling amount, 30 μm Al spheres
can occupy more voids between the bubble pores,
which can preferentially form a thermally conduc-
tive network with low interfacial thermal resistance,
and can effectively improve the thermal conductivity
of the composite [26].
CF with higher K along its fiber direction is further
used as fillers to prepare the hybrid SF. Figure 7 is
the SEM photograph of CF-SF, from which it can be
seen that CF is randomly distributed in the matrix at
different angles, and some CF are connected with
each other. CF-SF is almost always open-pore; with
the increase of the filling amount, the size of the
opening gets bigger and bigger; when the filling
amount is 60 wt%, the filling amount inside the ma-
terial tends to be saturated, and there is almost no

extra void, so it is difficult to continue to increase
the thermal conductivity filler.
In order to construct a more effective heat transfer
network, we adopt a combination of point and line
methods to hybridize Al spheres and CF to obtain
more excellent thermal conductivity. Figure 8 shows
the microstructure of the Al-CF-SF at 60 wt% filling;
SEM images show the uniform dispersion of CF and
Al spheres in the silicone rubber matrix with good
compatibility, which can effectively improve thermal
conductivity. As can be seen from the energy disper-
sive spectroscopy (EDS) image, CF occupies a large
number of voids; Al spheres can fill small voids to
form a more compact heat transport network. The
morphology of CF is a one-dimensional rod, repre-
sented as a long rectangle in Figure 8e, so we can
determine the position of CF by comparing the mor-
phology of the C element. The PDMS is mainly

H. Xie et al. – Express Polymer Letters Vol.17, No.12 (2023) 1182–1199

1187

Figure 5. Morphology of 10 μm filled sample Al with 20 wt% filling: a) appearance (d = 30 mm), SEM at b) 150× and
c) 2000×. Al with 40 wt%: filling d) appearance (d = 30 mm), SEM at e) 150× and f) 2000×. Al with 60 wt%:
filling g) appearance (d = 30 mm), SEM at h) 150× and i) 2000×.



composed of Si, O and C for rubber. The Si element
has a large relative atomic mass and a strong signal,
which makes it easy to determine the distribution of
the PDMS, so the position of C in the matrix can also
be determined from the position of Si. There is al-
most no air inside the composite material, the volume
of the formed vesicles is extremely small, almost
open pores, forming a filler synergistic heat transfer
network mechanism which has a great improvement
on the thermal conductivity.

3.2. Breakdown voltage of composites 
The variation curves of the breakdown strength of
Al-SF, CF-SF and Al-CF-SF with different filler
levels are shown in Figure 9. It can be seen that the
breakdown voltage strength of SF decreases with
the increase of filling amount, and the dielectric
strength decreases from 2.23 to 0.25 kV·mm–1 when

adding CF of 60 wt%. The 5 μm Al, 10 μm Al, and
30 μm Al filled silicon foams also decrease by 2,
3.6, and 2.8 kV·mm–1, respectively. This is due to
the more filler content, the poorer the dispersion in
the matrix agglomeration phenomenon is more ob-
vious, the defects of the silicon foam increase, the
charge aggregation occurs the more prone to break-
down. In addition to this, the addition of filler intro-
duces more starting electrons, which is easier to
move, and as the electrons collide with each other
more electrons are produced, and the breakdown
voltage strength is therefore reduced.

3.3. Mechanical properties of composites
3.3.1. Compressive properties of composites
Silicone rubber foams are highly elastic materials
with compression capability, so the study of com-
pression properties is an important indicator of the
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Figure 6. Morphology of 30 μm filled sample, Al with 20 wt% filling: a) appearance (d = 30 mm), SEM at b) 150× and
c) 2000×. Al with 40 wt% filling: d) appearance (d = 30 mm), SEM at e) 150× and f) 2000×. Al with 60 wt%
filling: g) appearance (d = 30 mm), SEM at h) 150× and i) 2000×.



response of foams to strain rates [27]. Figure 10
shows the stress-strain graphs and compression
modulus of silicone rubber foam composites with
different fillers. It can be seen that the incorporation
of Al spheres and CF significantly increased the
stress and modulus of the composites, where the
60 wt% CF-SF had the highest compressive stress
of 1.34 MPa and compressive modulus of 3.36 MPa
at a compressive strain of 40%, which were higher
than those of the pure SF by 1.3 and 3.26 MPa, re-
spectively. At low filling levels the foam is soft, and
the particles are individually distributed in the com-
posite matrix, making it difficult to form a continu-
ous network. At this time, most of the pores in the
foam material are closed and contain a large amount
of gas inside. When the pore wall and the internal
gas are subjected to part of the pressure, the pore col-
lapses, then the gas quickly overflows outward, and

a very small pressure value can make the foam ma-
terial produce a large deformation. However, when
the foam material with 60 wt% filler is deformed by
external force, the interaction between particles will
hinder molecular movement, and the hardness of the
composite material will become large and difficult
to deform. It is noted that Al-CF-SF is hard to com-
press with a high compress ratio. Under the same
testing condition, the compress stress is 0.5 MPa (a
strain of 10%) and 2.0 MPa (a strain of 20%), re-
spectively. A larger compression ratio would be be-
yond the test range of the instrument (2 MPa).

3.3.2. Tensile properties of composites
Tensile properties are an important indicator that char-
acterizes the resistance of the foam to elastic defor-
mation under the action of external forces. Figure 11
shows the tensile stress-strain curves of CF and Al
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Figure 7. Morphology of CF-SF, CF with 20 wt% filling: a) appearance (d = 30 mm), SEM at b) 150× and c) 2000×. CF
with 40 wt% filling: d) appearance (d = 30 mm), SEM at e) 150× and f) 2000×. CF with 60 wt% filling: g) ap-
pearance (d = 30 mm), SEM at h) 150× and i) 2000×.



spheres filled alone and mix filling of Al-CF-SF. It
can be seen that pure SF requires only 0.1 MPa of
stress to achieve 105% strain and has good elasticity.
With the increase of the filling amount the stress
gradually becomes larger, and the strain becomes
smaller, indicating that the addition of filler makes
the SF harder and more difficult to deform. 60 wt%
CF-SF has the highest stress of 0.72 MPa, but only
6% deformation.
Tensile strength is the maximum stress that a mate-
rial can withstand during the stretching process and

it can be seen that the tensile strength and tensile
modulus of the composite increases with the increase
of the filler amount. The increase in the amount of
filler facilitates the formation of a tight crosslinked
network of SF, which increases the hardness and re-
quires more force in tension and increases the tensile
strength. For the tensile strength of Al-SF with dif-
ferent particle sizes, 5 μm Al>10 μm Al>30 μm Al.
It is possible that this is due to the greater number of
small particle size fillers at a given weight of filling
and the greater contact area with the matrix. When
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Figure 8. Morphology of Al-CF-SF: a) appearance (d = 30 mm). SEM at b) 150×, c) 500×, d) 2000×. e) EDS at 2000×, el-
ements mapping of f) C, g) Si, and h) Al.



the filling amount is 60 wt%, the tensile strength and
tensile modulus of 30 μm Al-SF is the minimum of
0.24 and 0.86 MPa, respectively, and the maximum
of CF-SF is 0.72 and 10.86 MPa, respectively.
Fracture strain is the maximum strain to which the
material is subjected before fracture. The trend of
the fracture strain of SF is the opposite of the tensile
strength, which gradually decreases with the in-
crease of the filling amount. It may be due to the
formation of stress concentration points by restrict-
ing the movement of molecular chains when filling
Al spheres and CF in the matrix. These stress con-
centration points increase when the filler content in-
creases, making the composites susceptible to frac-
ture when subjected to external forces, which
decreases the fracture strain. The material does not
yield at fracture and is brittle with poor fracture
toughness.

3.4. Thermal properties of composite
materials

3.4.1. Effect of filler on thermal conductivity
To explore the relationship between K and filler
distribution, the K of the composites was measured
by the heat flow method. The K of the composite
was measured at 70 °C using different pressures
(50 N/100 N/150 N/200 N/250 N/300 N). The ther-
mal conductivity of the filler itself and its filling
amount and distribution in the silicon matrix affect
the overall thermal conductivity of the composite.
Different particle sizes of fillers have different dis-
tributions in silicone rubber, and at a certain amount

of filling, it can be seen from Figure 12a that the K
sizes corresponding to different particle sizes of
fillers are: 30 μm Al>10 μm Al>5 μm Al. Since the
Al spheres are small, the particles cannot contact each
other and do not form a complete thermal conduc-
tivity network chain within the matrix; the thermal
conductivity of the composites formed by different
particle size Al spheres is not significantly enhanced.
CF has a high thermal conductivity and aspect ratio
compared to Al spheres, making it easier to form a
thermal conductivity network. Therefore, the highest
thermal conductivity of 1.2 W·m–1·K–1 was achieved
for CF with 60 wt% filling at 300 N, which is more
than five times higher than the thermal conductivity
of Al-SF composite.
The change of filling amount also affects the thermal
conductivity of the composite. Taking 5 μm Al
spheres as an example, when the filling amount is
small, the particles are uniformly dispersed in the sil-
ica matrix without contacting with each other, which
may lead to a larger thermal resistance and low ther-
mal conductivity. But with the increase of thermally
conductive filler, Al spheres began to have contact,
the thermal conductivity network chain gradually
improved, the thermal conductivity increased rapid-
ly. But when the Al spheres increased to a certain ex-
tent, the formation of the overall thermal conductiv-
ity network structure, reached the maximum filling
volume, continue to increase the amount of filler, the
filler will disperse the matrix outside can not be
completely surrounded. In this experiment, the com-
posite reached the critical filling amount when the
filling amount was 60 wt%, and it was more difficult
to mix. In addition, carbon fibers are one-dimension-
al columnar structures, the effective connection be-
tween carbon fibers is limited, and the ability to par-
ticipate in phonon transport directly is poor, resulting
in high interface thermal resistance.
In order to optimize the thermal conductivity of the
composite material, we fix the maximum filling
amount of the composite material to 60 wt%, based
on which the CF and Al spheres are compounded be-
cause the CF can improve the thermal conductivity
of the composite material more effectively, we use
a small percentage adjustment to replace the CF with
Al spheres. Al spheres can fill the gaps between CF
and increase site contact. The thermal conductivity
of CF compounded with different particle sizes of
Al spheres is shown in Figure 12b, from which it

H. Xie et al. – Express Polymer Letters Vol.17, No.12 (2023) 1182–1199

1191

Figure 9. Variation of breakdown strength of prepared sili-
cone rubber foam composites with different filling
content.
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Figure 10. Compressive stress-strain curves for composites filled with different fillers a) 5 μm Al, b) 10 μm Al, c) 30 μm
Al, d) CF. Compressive modulus curves for composites filled with different fillers e) 5 μm Al, f) 10 μm Al,
g) 30 μm Al, h) CF.
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Figure 11. Tensile stress-strain curves for composites filled with different fillers a) 5 μm Al, b) 10 μm Al, c) 30 μm Al, d) CF.
Variation of tensile strength, modulus and fractures strain with filler content e) 5 μm Al, f) 10 μm Al, g) 30 μm
Al, h) CF.



can be seen that the thermal conductivity of carbon
fiber compounded with 10 μm Al spheres is higher
than that with the other two particle sizes, and the
thermal conductivity is 1.08 W·m–1·K–1 at 300 N
pressure. Therefore, we investigated the effect of the
compounding ratio on the thermal conductivity of
the composites by changing the compounding ratio
of carbon fiber to 10 μm Al spheres. As shown in
Figure 12c, the thermal conductivity of the compos-
ites reached a maximum value of 1.37 W·m–1·K–1,
when the filler ratio CF:10 μm Al = 5.8:0.2, which
is 9.7 times higher than that of the pure silica matrix.
Figure 12d shows the effect of thermally conductive
fillers on the thermal properties of silicone compos-
ites, and by comparing it with the results of previous
studies, it shows that this experiment effectively con-
structs a dense and efficient thermal conductivity
network [28–38].

3.4.2. Finite element model of SF composites
In order to explain the thermal conductivity mecha-
nism of the composites in more depth we performed
simulations using finite element analysis. We have
created three simulations for single filler (Al-SF,
CF-SF) and mixed filler (Al-CF-SF) as shown in
Figure 13. The simulation results proved that the hy-
brid filler had a faster heat transfer rate than the single
filler. Al powder exists in the matrix in point form
and it is difficult to contact between particles, which
mainly depends on the heat transfer of the matrix.
CF is arranged in the matrix in a linear form, which
increases the possibility of contact with each other,
but it also hampers the improvement of the thermal
conductivity because of the limited space inside the
matrix. When CF and Al powder are added to the
matrix in a certain ratio, the internal space of the ma-
trix can be fully utilized, and the carbon fiber can
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Figure 12. Thermal conductivity of a) SF composites formed by different fillers, b) compounding of CF and Al of different
particle sizes, c) compounding of CF and 10 μm Al at different filler ratios, d) comparison of this work with pre-
vious studies.



form a long-distance thermal conductivity pathway,
while the Al powder plays the role of a bridge con-
necting the pathways, forming a ‘point and line syn-
ergistic’ thermal conductivity network conductivity
mode inside the matrix.

3.4.3. Stability of the composites 
The thermal stability is a measure of the ease of ther-
mal decomposition of the sample, the thermal
weight loss behavior of the silica foam composite
filled with 60 wt% under an O2 atmosphere is shown
in Figure 14. The results showed that the tempera-
ture of 5% weight loss of these composites occurred
at 246°C (SF), 338°C (5 μm Al-SF), 358°C (10 μm
Al-SF), 391 °C (30 μm Al-SF) and 405 °C (CF-SF,
Al-CF-SF). At 600 °C, the weight loss of SF, 5 μm
Al-SF, 10 μm Al-SF, 30 μm Al-SF, CF-SF, and
Al-CF-SF were 49, 21, 12, 17, 24 and 25%, respec-
tively. It can be seen that the weight loss of the com-
posites after the addition of fillers is significantly
lower than that of the pure SF, and the thermal sta-
bility is better.
In the actual work condition, the performance of
foam has kept stability undergoing multiple com-
presses. To calculate the mechanical dissipation loss
of stress-strain, we did the compression-release cycle
test and measured the thermal conductivity every
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Figure 13. The finite element analysis results of Al-SF, CF-SF, and Al-CF-SF a) temperature distribution and heat flux di-
rection modeling, white flow lines, and arrows indicate the heat flux and the direction of heat flux, respectively,
b) time-temperature profile.

Figure 14. The weight loss curves of silicone foam compos-
ite.



twenty cycles from CF-SF (60 wt%) [39]. The cycle
test curve of CF-SF with 60 wt% filler compression
of 40% is shown in Figure 15a, and it can be found
that the hysteresis returns a line of the foam material
in the shape of a crescent and partially overlapped,
which indicates that the CF-SF has undergone a rel-
atively small energy loss in the cycling process. The
dissipated energy was obtained from the area of the
closed graph of the stress-strain curve, and it was
found that the energy dissipation was 4.77 J at 100 cy-
cles, which is a small amount of 2 J compared with
the loss at the first cycle. At the same time, it can be

seen that the thermal conductivity corresponding to
Figure 15b is slightly increased. The thermal con-
ductivity of the sample before the start of the cycle
is 1.05 W·m–1·K–1. After 100 cycles, the thermal
conductivity is 1.18 W·m–1·K–1, which is an increase
of 0.13 W·m–1·K–1. Therefore the mechanical loss
of SF can improve its thermal conductivity.

3.4.4. Thermal management application of SF
composites

To study the thermal management ability of sili-
cone rubber foam materials, we record the surface
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Figure 15. a) Stress-strain curve of CF-SF during compression-release cycle process. b) The thermal conductivity of CF-SF
was measured every 20 cycles.

Figure 16. Surface temperature change of composites a) infrared thermal images, b) heating process and c) cooling process.
After applying pressure d) infrared thermal images, heating up process of e) pure SF and f) Al-CF-SF.



temperature change of the sample with the help of
the infrared camera. We placed the SF in the middle
of a ceramic heating plate with a heating tempera-
ture range of 30–100 °C. The temperature change
in the center of the sample was extracted every 30 s
using an infrared thermographic camera, and the
image of the sample surface temperature is shown
in Figure 16a. Blue represents the lowest surface
temperature of the sample; from the bottom to the
top, the sample temperature gets higher and higher,
and white represents the surface temperature of the
sample that reaches above 90°C. During the heating
process, the color of the sample changes from dark
to light, and the heat transfer rate becomes faster as
time goes on. The images in Figures 16b and 16c rep-
resent the sample warming and cooling processes.
The pure SF reached the heat transfer limit of 72°C
after heating for 170 s, while Al-CF-SF reached the
sample surface temperature of 96 °C at 100 s, show-
ing better thermal conductivity and heat dissipation
during the heating and cooling processes.
In addition, to study the effect of pressure on the
thermal conductivity of the foam, we placed a glass
plate (GP) on the pure SF and Al-CF-SF and placed
0, 2, and 6 weights (one weight is 1 kg) on the glass
plate to observe their thermal conductivity, respec-
tively. The infrared thermography and heat transfer
rates of the samples are shown in Figure 16d. We
find from Figure 16e that the pressure has a greater
effect on the thermal conductivity of pure SF, the
heat transfer rate reaches equilibrium after heating
600 s. The highest heat transfer temperature of SF
material with only glass plates placed is 68.3°C, and
the highest heat transfer temperature increases with
the increase of the number of weights, and the high-
est heat transfer temperature of SF material with
6 weights placed can reach 84.5 °C which is 16.2 °C
higher than that of pure SF. This is because the bub-
ble pores are destroyed after applying pressure,
which improves the heat transfer path inside the
sample, and the heat transfer efficiency is greatly im-
proved. However, as shown in Figure 16f, the effect
of pressure on the Al-CF-SF is not obvious, and the
temperature change tends to stabilize to 90 °C after
280 s, which is due to the that there are no voids in-
side the Al-CF-SF. The fillers are interconnected to
form a complete crosslinked network.

4. Conclusions
In summary, we successfully synthesized silicone
foam and hybrids by a simple process. A series of SF
composites with highly efficient thermal conductive
networks were designed and prepared by optimizing
fillers’ particle size and dimension. Observing the
size of the vesicles inside the matrix by SEM demon-
strated that incorporating fillers could exclude the ex-
cess air inside the matrix and thus improve thermal
conductivity. The hybridized fillers made of Al par-
ticles and CF composite can occupy more voids to
improve the thermal conductivity of the composites
further. Infrared thermography and finite element
modeling also further proved the accuracy of the ex-
periments. Tensile and compressive characterization
also demonstrated that the mechanical properties of
the composites were improved compared to pure SF
and that the loss of mechanical properties also con-
tributed to the improvement of the material's thermal
conductivity. Using a small amount of Al powder in-
stead of CF in this study can reduce the cost and has
great potential in the preparation of reinforced ther-
mally conductive composites.
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1. Introduction
Adhesives are indispensable to industry, agriculture,
transportation, medical treatment, national defense,
and people's daily lives [1]. At present, industrial ad-
hesives have completely replaced natural adhesives,
but most of them are solvent-based, which is toxic
and difficult to clean. With the development of supra -
molecular self-assembly, supramolecular polymer
adhesives have received increasing attention [2]. The
supramolecular polymer can be formed by the self-
assembly of the molecular structural units through
non-covalent interactions [3]. The rich supramolec-
ular structures endow the materials with reversibility,

adaptability, self-healing, and bonding functions, all
of which may be attributed to non-covalent interac-
tions [4], including hydrogen bond interaction [5, 6],
metal coordination [7, 8], hydrophobic interaction
[9], van der Waals force [10, 11], electrostatic inter-
action [12, 13] and π-π interaction [14, 15]. Super-
molecular polymers have the advantage of easily
changing the topological structure by introducing
dynamic non-covalent interactions [16]. Traditional
adhesives can only stick to wooden boards, glass,
and other common substrates but are difficult to ad-
here to plastics (polyethylene, polytetrafluoroethyl-
ene, etc.) and cannot be bonded for a long time [17].
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The polymer structure in modern adhesives was cru-
cial for achieving the adhesion effect [18], and com-
pared with traditional adhesives, supramolecular
polymer adhesives have particularly outstanding re-
versibility and low-temperature bonding ability.
Cyclodextrin (CD) is a naturally occurring macromol-
ecule containing cyclic glucosyl repeating units [19].
The most studied α-, β-, and γ-CDs contain 6, 7, and
8 glucose molecules [20] respectively. The cavity of
CD is hydrophobic, which can form supra molecular
polymer gel through non-covalent hydrogen bonding
or electrostatic interactions without affecting the bio-
logical, chemical, and physical properties [21, 22].
CDs have been widely studied in recent years. Fiorica
et al. [23] reported the synthesis and application of
CD-coated metal complexes, revealing the reversible
hydrogen bonding interaction. Wu et al. [24] reported
β-CD as a mixed carrier of smart drugs. Supramolec-
ular polymer gel based on the CD-acid group is a kind
of multifunctional material, and with the application
of deep co-solvents as platforms, it has attracted ex-
tensive attention.
In this study, β-CD as hydrogen bond donor and car-
boxyl-ended hyperbranched polyester (DCHP) as
hydrogen bond acceptor were mixed in proportion
to prepare the supramolecular polymer gel (CD-
DCHP) through the intermolecular and intramolec-
ular hydrogen bonding [19]. Specifically, CD-DCHP
is a supramolecular polymer gel formed by cross -
linking various physical interactions, and its main
driving force is the hydrogen bond interaction be-
tween CD and DCHP [25–27]. The supramolecular
polymer gel based on the CD-hyperbranched poly-
ester is a multifunctional material, so CD-DCHP is
a kind of supramolecular adhesive with great devel-
opment space [28].

2. Experimental sections
2.1. Materials
β-cyclodextrin (β-CD) was purchased from Meryer
Chemical Technology Co., Ltd (Shanghai, China)
and used as received. Carboxyl-ended hyperbranched
polyester (DCHP-18) was prepared according to the
procedure in the literature [29]. The chemical struc-
tures of β-CD and DCHP-18 are shown in Figures 1a
and 1b, respectively. 

2.2. Instruments and characterization
Fourier transform infrared spectra (FT-IR) were col-
lected by a Vertex 470 infrared spectrometer (Bruker

Company, Germany). Thermogravimetric analysis
(TGA) was carried out on a NETZSCH TG 209 F3
thermogravimetric analyzer (NETCHI Instrument
Manufacturing Company, Germany) at a heating rate
of 10°C/min from 30 to 790 °C. The nitrogen flow
rate was 20 ml/min, and the amount of sample was
10 mg. Differential scanning calorimetry (DSC)
measurements were carried out using NETZSCH TG
209 F3 thermogravimetric analyzer (NETCHI In-
strument Manufacturing Company, Germany), with
a nitrogen flow of 20 ml/min, and a heating rate of
10 °C/min from –80 to 80 °C. X-ray diffraction
(XRD) spectra were collected on a Bruker-D8 X-ray
diffractometer (Bruker company, Germany). Rheol-
ogy measurements were performed on a DHR-1 ro-
tary rheometer (TA Instrument Company, USA) using
a 40 mm parallel laminator model 110626 Peltier
steel plate at a gap of 1 mm. Scanning electron mi-
croscopy (SEM) images were collected on a SU8010
electron microscope (Hitachi Company, Japan). The
adhesion strength was tested on a 5966 universal
testing machine (INSTRON Company, USA). Nu-
clear magnetic resonance (NMR) spectra were col-
lected on an AVANCE III 400 MHz NMR instru-
ment (Bruker Company, Germany).

2.3. Preparation of supramolecular polymer
gel

Preparation of CD-DCHP-x (x: Molar ratio of β-CD
to DCHP-18): In a typical procedure, β-CD
(1.5 mmol, 1.7017 g) and DCHP-18 (1.5 mmol,
1.8150 g) were added into a 100 ml beaker, then
80 ml ultrapure water was added. The mixture was
stirred at 25 °C for 30 min and then dried at 80 °C
for 10 h. During heating, a transition from solid mix-
ture to viscous liquid was observed, and the supra -
molecular polymer gel could be obtained by cold
sweat at room temperature. A series of supramolec-
ular polymer gels with different molar ratios of β-CD
to DCHP-18 was prepared using a similar method,
as summarized in Table 1. No reprocessing or further
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Table 1. The proportion of each component of CD-DCHP-x.

Supramolecular
polymer gel

Moles
[mmol]

Molar ratio of
DCHP-18/β-CD

(x)β-CD DCHP-18
CD-DCHP-0.5 3.0 1.5 0.5
CD-DCHP-1 1.5 1.5 1.0
CD-DCHP-1.5 2.0 3.0 1.5
CD-DCHP-2 2.0 4.0 2.0
CD-DCHP-3 2.0 6.0 3.0



treatments are needed before applying these polymer
gels for adhesion tests.

2.4. Preparation of bonded sample bars
Take glass substrate as an example. The supramole-
cular polymer gel was evenly coated on a piece of
glass and then covered with another glass plate and
pressed for 10 min, with an adhesion area of 6.25 cm2.
The pair of adhered glass sheets were heated at 80°C
for 60 min and then cooled to room temperature for
tensile tests.

3. Results and discussion
The mixtures of CD and DCHP-18 were used to syn-
thesize deep eutectic supramolecular polymers
(DESPs) by simple heating [30]. An irreversible
transformation from the solid mixture (CD and
DCHP-18) to high viscosity supramolecular polymer
gel was observed in the process (Figure 1), which
was a good indication that supramolecular polymer-
ization had taken place between β-CD and DCHP-18.

Flexible and viscous fibers can be easily extracted
from the viscous gel (Figure 1d) [31]. The hydrogen
bonding formed in supramolecular polymers not only
affects the aggregation but also affects the morphol-
ogy of supramolecular polymers. Moreover, the in-
frared spectra of the supramolecular polymer gel fully
match the standard of deep eutectic solvent [18, 25].
The FT-IR spectra of CD, DCHP, and CD-DCHP are
shown in Figure 2a. In Figure 2a, the characteristic
peaks of β-CD appeared at 3321, 2932, and
1030 cm–1, corresponding to –OH, C–H, and C–O
stretching vibrations, respectively [21]. The charac-
teristic peaks of DCHP appeared at 1172, 1699, 1750,
and 3292 cm–1, which corresponded to the stretching
vibrations of C–O–C, C=C, C=O and –OH groups,
respectively [32]. In the spectrum of CD-DCHP-1,
the vibration of C=O shifted to 1716 cm–1, the inten-
sity of the characteristic C–O–C peak decreased
somewhat, and new peaks due to the formation of
CD-DCHP-1 appeared at 2947 and 1032 cm–1. Com-
pared with β-CD, the absorption of the –OH group

Y. Jing et al. – Express Polymer Letters Vol.17, No.12 (2023) 1200–1211

1202

Figure 1. Chemical structures of a) CDs and b) DCHP-18, c) preparation of supramolecular polymer gel, d) the fibers drawn
from CD-DCHP.



of CD-DCHP-1 (3394 cm–1) was shifted and inten-
sified as a result of the formation of hydrogen bond-
ing between the C=O of DCHP-18 and the –OH of
β-CD. [33–36]. The IR spectra of CD-DCHP-1 were
consistent with the formation of typical deep eutectic
solvents [25].
CD-DCHP-1, β-CD, DCHP-18, and the heated mix-
ture of β-CD and DCHP-18 (named CD+DCHP)
were tested by 1H-NMR (Figures 2b, 2c). As can be
seen from Figure 2b, the chemical shifts of –OH at
positions 2, 3, 4, and 6 in β-CD were 3.53, 3.84,
3.47, and 3.75 ppm, respectively [37]. The chemical
shift of –COOH in DCHP-18 was 12.35 [32], and
compared with the 1H-NMR spectra of β-CD and
DCHP-18, the characteristic peaks of simple mixture
CD+DCHP showed no change, suggesting that there
was no hydrogen bonding interaction. On the other
hand, the chemical shifts of –OH at positions 3 and

6 of β-CD in CD-DCHP-1 shifted downfield from
3.84 and 3.75 ppm to 4.03 and 3.98 ppm (Figure 2c),
respectively, and the hydroxyl peaks at positions 2
and 4 gradually disappeared. Meanwhile, the chem-
ical shift of –COOH in DCHP-18 shifted from 12.23
to 12.31 ppm (insert in Figure 2c). All these proved
that –OH in β-CD and –COOH in DCHP-18 have
formed hydrogen bonding. The 1H-NMR results also
provided evidence that CD-DCHP-1 was a hydro-
gen-bonded supramolecular complex [38].
The solid-state structure of CD-DCHP-1 was inves-
tigated by XRD and shown in Figure 3a. There was
a wide diffraction peak centered around 20°, which
was typical of an amorphous structure. This was be-
cause CD-DCHP-1 formed hydrogen bonds during
the synthesis, which inhibited the crystallization of
the chain segments [39]. Combining the results of the
1H-NMR spectrum of CD-DCHP-1, it is concluded
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Figure 2. a) FT-IR spectra of CD, DCHP-18, and CD-DCHP-1, b) 1H-NMR comparison of CD, DCHP-18, and CD+DCHP,
and c) 1H-NMR spectra of CD, DCHP-18, and CD-DCHP-1, insert: chemical shift at 14–9 ppm.



that there is a hydrogen bond interaction between
–OH in β-CD and –COOH in DCHP-18.
The thermal stability of CD-DCHP-1 was tested by
DSC and TGA. As shown in Figure 3b, the glass tran-
sition temperature of CD-DCHP-1 was about 0 °C,
which was lower than room temperature [40]. The
TGA curve showed that the gel began to lose weight
at about 100 °C (Figure 3c), owing to the loss of hy-
drophilic binding water. The initial and maximum
degradation temperatures were 135 and 214°C, re-
spectively, and the physical and chemical properties
of the gel remained the same below 135 °C, indicat-
ing high thermal stability [40, 41]. It showed that the
CD-DCHP-1 was not only suitable for general bond-
ing applications but also suitable for application at
low temperatures.
The rheology of CD-DCHP-x was also studied, and
the mechanical properties of supramolecular adhe-
sive were quantitatively evaluated by a dynamic fre-
quency scanning test. Under the condition of a fixed
strain of 0.1%, an angular frequency increment of

5 rad·s–1 between 1 and 100 rad·s–1, the storage mod-
ulus (G′ of different supramolecular adhesives CD-
DCHP-0.5, CD-DCHP-1, CD-DCHP-2, and CD-
DCHP-3 were measured and shown in Figure 4b.
When the molar ratio of β-CD to DCHP-18 is 1:1,
the modulus was at a maximum due to the fact that
the molar ratio of –OH to –COOH was also 1:1, thus
forming a dense hydrogen bonding network. As
shown in Figure 4a, there was no intersection point
between G' and (G'') with the increase of frequency,
and the storage modulus (G') was always smaller than
the loss modulus (G″), suggesting that CD-DCHP-x
had always been a viscoelastic gel, and had no ten-
dency to change into solid fluid [40, 42].
Dynamic temperature scanning on different CD-
DCHP-x samples was performed, with the results
presented in Figure 4b. The viscosity gradually de-
creased with the increase in temperature due to the
breaking of hydrogen bonds, and the fluidity of
CD-DCHP-x increased. However, when the temper-
ature decreased, hydrogen bonds would be formed
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Figure 3. a) XRD pattern of CD-DCHP-1, b) DSC, and c) TGA characterization of CD-DCHP-1.



again, giving the supramolecular gels adhesive force,
as proved in the subsequent reuse experiments. This
showed that supramolecular adhesive was a kind of
physical gel constructed by intermolecular hydrogen
bonding interaction, so when the external environ-
ment changed or external forces acted on, it would
affect the adhesive strength.
The XPS spectra of β-CD, DCHP-18, and CD-
DCHP-1 were shown in Figure 5a, all of which dis-
played carbon and oxygen peaks. Narrow scans for
C 1s and O 1s were performed at 285–298 eV and
520–545 eV and shown in Figures 5b, 5c, respec-
tively. Compared with β-CD and DCHP-18, the
binding energy of C 1s increased, and that of O 1s
decreased in the spectrum of CD-DCHP-1, also an
indication of the formation of hydrogen bonds be-
tween β-CD and DCHP-1.
The C 1s spectrum of β-CD was deconvoluted into
three peaks (Figure 5d): 283.69 eV belonged to
C–H, 285.36 eV belonged to C-C, and 286.76 eV be-
longed to C–OH and C–O–C. The C 1s spectrum of
DCHP-18 was divided into five peaks (Figure 5e):
284.09 eV belonged to C–C and C–H, 285.92 eV be-
longed to C=C, and 288.32 eV belonged to C–OH
and O–C=O [41]. The deconvolution of C 1s sub-
peak of CD-DCHP-1 was also performed (Figure 5f),
and five peaks of 283.85, 285.78, 287.80, 288.4, and
289.1 eV were obtained. The binding energy of C–H
and C–C increased and overlapped at 283.85 eV. The
peak at 285.78 eV was attributed to C=C, 288.4 eV
to C=O, 289.1 eV to O–C=O, and the new peak at
287.80 eV was attributed to C=O…O–H after hydro-
gen bonding interaction.

O 1s spectra of β-CD, DCHP-18, and CD-DCHP-1
were deconvoluted and shown in Figure 5g–5i. The
531.49 and 532.12 eV peaks of O 1s were attributed
to C–O–C and C–OH of β-CD, respectively. The
531.39, 532.40, and 533.22 eV peaks were attributed
to C–O–C, C=O, and O–C=O of DCHP-18, respec-
tively. The O 1s of CD-DCHP-1 have been divided
into five peaks, 530.59, 531.19, 532.65, and
533.37 eV, which were attributed to C–OH, C–O–C,
C=O, and O–C=O respectively, while the new peak
at 531.83 eV was attributed to C=O…O-H, also
proving that there existed hydrogen bonding inter-
action between β-CD and DCHP-18.
The CD-DCHP-x showed superior adhesion strength
on the surface of various materials. As can be seen
from Figure 6, it can easily adhere to wood, polyte-
trafluoroethylene (PTFE), paper copper, carnelian,
rubber, aluminum, copper, iron, glass, and silicone
[30]. The adhesion properties were carefully studied
from the aspects of polymerization behavior and
macroscopic properties. As can be seen from
Figure 7a, it can be easily bonded on different sub-
strates. CD-DCHP-x was firstly coated on the surface
of the substrate at 80°C for 1 hour; then, a new sub-
strate was covered. After pressing for 30 min, the two
pieces of substrates were adhered together, followed
by cooling to room temperature (Figure 7a) [42].
The bound glass and steel sheets did break apart or
misalign when attached with a weight of 10 kg (the
adhesion area is 6.25 cm2, Figures 7a, 7b), clearly
demonstrating strong and stable adhesion. The CD-
DCHP-1 bonded copper sheet was less strong but
could also hold up to 6 kg of weight (Figure 7c) [17].

Y. Jing et al. – Express Polymer Letters Vol.17, No.12 (2023) 1200–1211

1205

Figure 4. a) Storage modulus (G′) and loss modulus (G″) values of CD-DCHP-1 on frequency sweep at 25 °C, b) effects of
temperature on viscosity of CD-DCHP-x.



The CD-DCHP-x adhesives with various CD to
DCHP-18 ratios were applied for the adhesion tests
at 25 °C. The adhesive strength of CD-DCHP-x
(Figure 8a) on glass increased first and decreased af-
terward as the molar ratio of β-CD to DCHP-18 in-
creased [17]. The adhesive strengths of CD-DCHP-0.5,
CD-DCHP-1, CD-DCHP-1.5, CD-DCHP-2, and
CD-DCHP-3 were 2.52±0.23, 4.02±0.08, 2.78±0.24,
1.98±0.43, and 1.47±0.12 MPa, respectively, with
the maximum fount at a 1:1 ratio. When the molar
ratio of β-CD to DCHP-18 was 1:1, the ratio of –OH
to –COOH was also 1:1, which was conducive to
forming a dense hydrogen bond network. The shear
adhesion strength of CD-DCHP-1 to different types
of substrates was measured, as can be seen in
Figure 8b. The shear adhesion strengths of the CD-
DCHP-1 for iron, steel, wood, aluminum, and glass

substrates were 1.21±0.18, 1.73±0.11, 2.41±0.24,
2.48±0.21, and 4.02±0.08 MPa, respectively, demon-
strating excellent adhesion property for various sub-
strates.
Supramolecular assembly is usually sensitive to tem-
perature. The shear tests at different temperatures
showed that high temperature was not conducive to
the bonding of CD-DCHP-1 on the substrate, as de-
picted in Figure 8c. Too low a temperature was also
shown to reduce the adhesion strengths. The adhe-
sive strength of CD-DCHP-1 (Figure 8c) on a glass
plate increased first and decreased afterward as the
temperature increased from –60 to 25 °C, which
were 1.64±0.04 MPa at –60 °C, 1.85±0.24 MPa at 
–30°C, 1.94±0.20 MPa at –20°C, 3.13±0.22 MPa at 
–10°C, 4.08±0.18 MPa at –0°C, 4.55±0.21 MPa at
10 °C, and 4.02±0.08 MPa at 25 °C, respectively.
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Figure 5. XPS full spectrum (a), C 1s (b, d–f) and O 1s (c, g–i) XPS spectrum of β-CD, DCHP-18, and CD-DCHP-1.
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Figure 6. Schematic diagram of adhesion of CD-DCHP-1 to a) PTFE, b) paper copper, c) ceramics, d) rubber, e) aluminum,
f) copper, g) iron, h) glass, and i) silica.

Figure 7. Adhesion experiment and adhesion properties of CD-DCHP gel to a) glass, b) steel, c) copper.



The adhesion results varied with temperature in ac-
cordance with rheological measurements and macro-
scopic adhesion tests (Figure 4).
After three heating and cooling cycles on the steel
substrate, the bonding strength of CD-DCHP-1 re-
mained around 3.54 MPa (Figure 8d), indicating ex-
cellent reusability [40]. Although the tensile external
force destroyed the hydrogen bonding, it tended to
form again after cooling down and made the glass
plates stick together again. However, due to the in-
crease of plasticity after repeated heating, the bonding

strength of CD-DCHP-1 decreased slightly [42], as
shown in Table 2.
Figure 9 presents the adhesion tests after soaking
the plates in various solvents. As can be seen from
Figure 9a, the adhesive force was still maintained
after soaking in liquid nitrogen (–196°C). To test the
resistance of CD-DCHP-1 to organic solvents, CD-
DCHP-1 was immersed in transformer oil and N-oc-
tane, and a 1 kg object could be hung on the adhered
glass sheet without breaking up or displacement
(Figures 9b, 9c). All these indicated that CD-DCHP
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Figure 8. a) Tensile test of CD-DCHP with different proportions, b) tensile test of CD-DCHP-1 gel on different substrates,
c) tensile test of CD-DCHP-1 gel on the glass surface at different temperatures, d) cyclic tensile test of different
proportions of CD-DCHP on the glass plate.

Table 2. Cyclic tensile test of different proportions of CD-DCHP on the glass plate.

Number of cycles
Adhesion strength

[MPa]
CD-DCHP-0.5 CD-DCHP-1 CD-DCHP-1.5 CD-DCHP-2 CD-DCHP-3

1 2.52 4.02 2.78 1.98 1.47
2 2.35 3.86 2.54 1.87 1.33
3 2.16 3.54 2.04 1.53 1.21



could be used in some harsh environments and had
good tolerance to various solvents.

4. Conclusions
In conclusion, supramolecular adhesives based on
hyperbranched polyester and cyclodextrin (CD-
DCHP-x) were constructed by hydrogen bonding in-
teraction between β-CD and DCHP-18. A dense hy-
drogen bonding network was formed to provide ex-
cellent adhesions by utilizing the rich hydroxyl
groups in β-CD and the carboxyl groups in
DCHP-18. The successful synthesis of supramole-
cular adhesives was confirmed by FT-IR, 1H-NMR,
XRD, and XPS. Tensile tests show that the binding
effect of β-CD and DCHP-18 is the best when the
molar ratio of β-CD to DCHP-18 is 1:1 (CD-
DCHP-1). CD-DCHP-1 also showed excellent ad-
hesion on various substrates (iron sheet, wood sheet,
aluminum sheet, glass, etc.), with adhesive strengths
found between 1.21 and 4.55 MPa. Tensile tests of
CD-DCHP-1 at different temperatures showed that
the supramolecular adhesives were not only suitable
for room-temperature application but also worked
well at low-temperature. The adhesive strengths of
CD-DCHP-1 were 1.64±0.04 MPa at –60 °C,
1.85±0.24 MPa at –30°C, 1.94±0.20 MPa at –20°C,
3.13±0.22 MPa at –10°C, 4.08±0.18 MPa at –0°C,
4.55±0.21 MPa at 10 °C, and 4.02±0.08 MPa at
25°C, respectively. The adhesives also demonstrated
excellent reusability and resistance to various organ-
ic solvents. The cyclic tensile test of CD-DCHP-1

showed that the supramolecular bond between dif-
ferent substrates was reversible and could be reused
multiple times.
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1. Introduction
Shape memory polymers (SMPs) are of continuing
interest as their levels of sophistication increase and
their field of applications develops [1, 2]. The range
of materials now includes polymer nanocomposites
[3–5]. Programmable materials that can memorize
multiple shapes have been demonstrated [6] that
could, in principle, form the basis of devices with
complex responses. However, most practical appli-
cations use simple ‘one-way’ SMPs. Such a rudi-
mentary SMP is typically amorphous, becoming an
SMP by being stretched around its glass transition
to induce molecular orientation and then cooled
while maintained in its temporary stretched state;

the original or permanent shape can then be recov-
ered by reheating. The shape memory effect is most
commonly observed in this way, in the form of
changes in shape. Alternatively, the shape on re-
heating can be physically restrained so that meas-
urable restraint forces are produced instead of shape
recovery. Such a force, referred to as ‘shrinkage
force’ [7] or as causing ‘recovery stress’ [8], is the
basis of operation of some SMP devices, such as
shrink-fit tubing for electrical insulation, shrink
wrap packaging, and crack closing devices in struc-
tural applications [9]. Shrinkage force and its evo-
lution with heating and cooling is the subject of this
paper.
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We report the results of experiments in which spec-
imens of oriented SMPs are held at constant length
and heated to temperatures at which the shape mem-
ory effect is triggered. The shrinkage forces are mon-
itored as they evolve with time at constant tempera-
ture. Specimens are then cooled while held at a
constant length, and the shrinkage force evolves fur-
ther. Since there is no shape recovery, some molec-
ular orientation is retained. As the specimens cool to
room temperature, tensile forces develop to levels
that can be maintained over long periods of time.
These forces may be either lower or higher than
those observed before cooling. Here, we quantify
them and analyze their physical origin.

2. Experimental method
2.1. Materials
Two commercial grades of polymers were used. A
polyethylene terephthalate (PET) material, Dow
LIGHTER C93 (Dow Chemical Company, Midland,
Michigan, USA), and a polymethyl methacrylate
(PMMA), Diakon CMG302 (Lucite International,
Mitsubishi Chemical Corporation, Tokyo, Japan),
were obtained in granular form. These materials were
melt-blended in equal proportions by mass to give a
third material, also produced in granular form. Ac-
cording to manufacturers’ data, the densities for PET
and PMMA are respectively 880 and 1,180 kg/m3,
to give volume proportions for the blend as
PET:PMMA of 57.3:42.7. All three materials were
made into SMPs. Before processing, the granules
were dried in a vacuum oven overnight.

2.2. SMP preparation
The manufacture of the PET SMP has been de-
scribed previously [10] and is summarised here. The
polymer was formed into circular section fibres. First,
it was extruded using a single-screw Killion S1748
25 mm extruder (Arlington Machinery, USA) oper-
ating at a screw speed of 15 rpm and a screw pres-
sure of 30 bar. The maximum melt temperature in
the extruder was 280 °C, and the die head was at
270°C. The material was extruded through a circular
die of 4 mm internal diameter and hauled off at
5 m/min. On exit from the die, it was cooled in a
glycerol bath at room temperature. The final diame-
ter of the cooled product was 1.8 mm. The next stage
of the process was to introduce molecular orienta-
tion. The technique of die-drawing was used, as de-
scribed for polymers by Coates and Ward [11]. Fibre

at room temperature was pulled through a 1.5 m
length fan-assisted oven. On exit from the oven, it
entered a converging conical die with a cone angle
of 30° and final diameter of 1 mm, held at a constant
temperature. After the die, the fibre was gripped by
a caterpillar-type haul-off device operating at a con-
stant linear speed corresponding to a mean strain rate
of 17 s–1. To maximize the level of orientation, both
the oven and die temperatures were lowered from
80°C to as low a level consistent with an undamaged
oriented product; temperatures of 70 and 80°C were
identified in this way for the oven and die, respec-
tively. After exiting the die, further drawing took
place during cooling between the die and the cater-
pillar, resulting in a final diameter of 0.9 mm, corre-
sponding to a draw ratio of 4.0. The circular section
was chosen on the basis of its robustness for the
planned end use as bundles of fibres in crack-closing
devices [10].
A similar two-stage process was used to produce
SMP from PMMA. A Thermo 16 mm extruder was
used, operating at a screw speed of 50 rpm and pres-
sure of 70 bar. The maximum melt temperature and
the die head temperature were both 210°C. The ma-
terial was extruded through a rectangular section die
with dimensions 8×0.5 mm and hauled off at
0.5 m/min. The extruded tape was collected directly
onto speed-controlled rollers at room temperature. In
a second process, the tape passed through the 1.5 m
oven at 115°C and was then die-drawn through a rec-
tangular section converging die held at the same tem-
perature to give a drawn material of section
5.1×0.31 mm, corresponding to a draw ratio of 2.4.
As with the PET, the draw speed and temperatures of
the oven and die were chosen to produce the highest
level of orientation, with the draw speed correspon-
ding to a strain rate of 9 s–1. The rectangular section
was chosen as a convenient form for tensile testing.
The PET and PMMA materials were blended using
a twin-screw Prism TSE 25/LD co-rotating twin-
screw extruder (Thermo Fisher Scientific Inc., USA).
Equal masses of granules of the two polymers were
mixed together and fed into the extruder’s nitrogen-
filled hopper. The extruder operated at a screw speed
of 50 rpm and screw pressure 35 bar. The maximum
melt temperature was 250 °C, and the die head was
260°C. The blended material was extruded through
an 8.0×0.5 mm rectangular die at a haul-off speed of
2 m/min. The extruded tape was collected directly
onto speed-controlled rollers at room temperature.
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The rectangular section was chosen as a convenient
form for tensile testing.
Molecular orientation was applied to 75 mm lengths
of the blended material by tensile stretching within
a fan oven at 90°C using an Instron 5568 testing ma-
chine. The constant stretching speed was set to give
an initial strain rate of 0.011 s–1, and the final exten-
sion corresponded to an extension ratio of 3.1. The
temperature and rate were arrived at on the basis of
achieving the highest possible extension ratio.

2.3. Dynamic mechanical thermal analysis
measurements

Dynamic mechanical thermal analyses (DMTA)
measurements were carried out with a TA Instru-
ments Q800 DMA device using tensile grips. For the
elimination of errors in strain measurement resulting
from thermal expansion of the loading system, the
instrument was calibrated with a stainless steel stan-
dard before each test, as recommended by the man-
ufacturer.
To study the thermal expansion (or contraction) be-
haviour, we used the DMTA in controlled force
mode, with a pre-load and constant static force of
0.05 N and applied a temperature ramp of 5 °C/min
from 28 to 100°C. The samples were free to move
along the orientation axis, as opposed to the restraint
applied during shrinkage tests (see Section 2.5.).
For the determination of the visco-elastic response
to oscillatory stress and strain and to correlate them
with the observed blend morphologies, we used the
DMTA in multi-frequency-strain mode, applying a
temperature ramp of 3 °C/min from 28 to 170 °C,
constant frequency of 10 Hz and a tensile displace-
ment amplitude of 15 μm. These were found to be
the optimal test conditions for a fair comparison be-
tween undrawn and drawn samples, considering the
geometry and the thickness of the specimens and
their difference in elastic modulus.

2.4. Stress-strain measurements
We performed uniaxial tensile tests to measure elas-
tic modulus using an Instron 5568 testing machine
(Instron, High Wycombe, Bucks, UK). Specimens
of oriented polymer fibre or strip of 250 mm gauge
length were stretched at room temperature at low
speeds corresponding to thermally induced rates of
strain at 5 °C/min; these were 2.1·10–6 s–1 for PET
and 1.5·10–6 s–1 for PMMA. For modulus measure-
ment at higher rates, 100 mm specimens were tested

at 8.33·10–3 s–1 at a range of temperatures from room
(21–23°C) to 90 °C.

2.5. Shrinkage force measurements
We have measured the shrinkage restraint forces
using an apparatus consisting of a small
90×90×40 mm oven containing a single fibre or tape
specimen that is held in grips that are situated out-
side the oven, one of which is connected to a load
cell (see Figure 1). Since the grips are outside the
oven, they remain at room temperature and do not
contribute any thermal strain to the system. The
chamber was heated by compressed air at a con-
trolled temperature, and both the force and temper-
ature were monitored. Temperatures were measured
using K-type thermocouples with beads within 1 mm
of the centre of the specimen gauge length. One of
these thermocouples provided the control for a Eu-
rotherm 3200 series controller (Eurotherm Limited,
UK), by means of which temperature was raised at
a constant rate of 5 °C/min and held at a constant
level for a prescribed time. The specimen was then
cooled at a set rate of 5 °C/min, though since there
was no active cooling, the actual rate lessened pro-
gressively once the temperature had fallen to around
50°C. Forces were monitored throughout the exper-
iment using a 1 kN capacity load cell and transducer
indicator (Omega Engineering Ltd. UK) with output
to a PC via a Pico TC-08 data logger (Pico Technol-
ogy, UK) with data capture at 1 Hz. Thermocouple
measurements were input into the same data logger.
The uniformity of the air temperature close to the
specimen was investigated by placing thermocou-
ples within 1 mm of the specimen at either end of its
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Figure 1. Shrinkage force measurement apparatus showing
open oven with blend tape specimen in situ and
load cell on the right.



gauge length within 5 mm of the oven exit holes; the
specimen centre and end positions were found to dif-
fer by 0.5 °C or less.

2.6. Differential scanning calorimetry
measurements

Differential scanning calorimetry (DSC) tests were
performed using a TA Instruments Discovery DSC,
using standard Al pans and N2 gas purge. Samples
of approximately 10 mg weight were subject to sub-
sequent heating, cooling and second heating cycles
at a rate of 10°C/min: we applied temperature ramps
from 40 to 300°C, from 300 to –80°C and then from 
–80 to 300°C. For the oriented PET and blend ma-
terials, the crystallinity was calculated from the nor-
malized melt enthalpy peak, using the value for crys-
talline PET of 140 J/g [12].

2.7. Scanning electron microscopy
Scanning electron microscopy (SEM) images were
obtained with a FEI Quanta 400 (FEI Company,
USA), operating in low vacuum mode and at 10 or
15 kV. Samples were cryo-fractured using liquid N2
to observe brittle fracture surfaces. Secondary elec-
trons with large field detector (LFD) and backscat-
tered electrons with solid state detector (SSD) modes
were both used to investigate the morphology of PET-
PMMA blends before and after the drawing process.

3. Results and discussion
3.1. Thermal expansion and contraction
In Figure 2, we show the thermal strains that arise for
unrestrained specimens of oriented polymer measured
in Section 2.3. In all cases, we see the highly negative
slopes associated with shape memory that develop
after a threshold temperature has been reached. At
lower temperatures below this threshold, the slopes
are lower in absolute value and may be associated
with a coefficient of linear expansion. For oriented
polymers, the coefficients differ depending on the di-
rection with respect to the axis of orientation, and can
be either positive or negative [13]. The thermal ex-
pansion along the draw axis is of interest here.
In the case of oriented PET, the pre-shrinkage ex-
pansion coefficient along the draw axis can have neg-
ative values [14, 15] when there is a significant level
of crystallinity. These values become more negative
as the extension ratio and crystallinity increase. This
is consistent with our observation for PET in Figure 2.
In the temperature range of 28–40°C, the result for

PET in Figure 2 corresponds to a coefficient of 
–2.54·10–5 °C–1. This can be compared with that of
Choy et al. [15] for a PET at the extension ratio of
4.8 and 26% crystallinity of around –6·10–6 °C–1 at
room temperature. We would expect our material to
have a more negative expansion coefficient as it has
a similar extension ratio of 4.0 and, according to
DSC testing, a higher crystallinity of 41%, though
the materials are not strictly comparable because of
their different grades and orientation processes.
For PMMA, the pre-shrinkage expansion coefficient
in the temperature range 28–55°C obtained from the
data of Figure 2 is 1.76·10–5 °C–1; the positive value
is consistent with there being no crystallinity detect-
ed by DSC. It can be compared with a published value
for PMMA oriented to an extension ratio of 3.0 of
approximately 4·10–5 °C–1 [16]. This is reasonably
comparable to our finding given its different grade,
orientation process and extension ratio of 2.4.
With the blend, shrinkage begins at a much lower
temperature threshold. For the pre-threshold temper-
ature range of 28–35 °C, the thermal expansion co-
efficient is much lower in magnitude than either of
the constituent polymers, with a value of 4.4·10–6°C–1.
DSC testing of the blend has given a crystallinity for
the PET component of 26%, considerably lower than
for the pure oriented PET material. This suggests
that the thermomechanical properties of the blend
cannot be simply deduced from the properties meas-
ured for its components.

3.2. Blend morphology
In Figure 3a we show a fracture surface of undrawn
blend material. This clearly shows phase separation
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Figure 2. Free thermal expansion and contraction of the
three materials.



evidence, with large PET domains of greater density
(as demonstrated by the backscattered electron
image in Figure 3b), as would be expected for an im-
miscible blend with a large difference in melt vis-
cosity between the components. A similar morphol-
ogy is reported for PET/PMMA blends by Mallette
et al. [17].
For the oriented material, shown in Figure 3c, we ob-
served a much different fracture surface, driven by
the presence of smaller polyester domains (Figure 3d):
the drawing process appears to be forcing some
break-up of the PET domains and consequent mor-
phological rearrangement. Similar morphologies have
been reported by Dewangan and Jagtap [18] for a

PET/PMMA blend of the same weight ratio (50/50)
compatibilized with a poly(tert-butyl acrylate)-b-
poly(methyl methacrylate) (PtBA-b-PMMA) am-
phiphilic block copolymer.
In Figure 4, we compare DMTA scans of loss modu-
lus for undrawn and drawn blend and drawn blend
that has also been subjected to shrinkage force testing
(17.5 h at 70°C – see Figure 9). For the undrawn case,
there are maxima at 81 and 112°C. Previously, DSC
studies on the oriented PET product used in this study
have yielded a glass transition temperature in the
range of 70–78°C [10]. DSC testing using the method
described above in Section 2.6. for the pure oriented
PMMA material gave a glass transition temperature
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Figure 3. SEM images. a) Undrawn blend surface, showing roughly circular domains of PET within a PMMA matrix. b) The
same region of interest as Figure 3a, image produced with backscattered electrons (both 2000× magnifications),
c) drawn blend with rough, brittle fracture surface (500× magnification), d) drawn blend at 5000× magnification.



of 113 °C. Thus, for the undrawn blend, we see a
consistency between the loss modulus maxima and
the glass transitions of the separate phases. For the
drawn materials, only a single maximum is exhibit-
ed, providing further evidence of a morphological
rearrangement, leading to finer dispersion of the PET
phase with reduced domain size.

3.3. Shrinkage force
3.3.1. PET
Shrinkage stresses for the oriented PET material were
measured for the range of temperature histories
shown in Figure 5a, with each one featuring an inter-
val at constant hold temperature (60, 65, 70, 75, 80,
85 and 90 °C) for 17.5 h followed by cooling. The
stresses are shown in Figure 5b. They continue to in-
crease gradually after the hold temperature has been
reached, apparently approaching an asymptotic value,
and decrease to a steady level on cooling. The maxi-
mum stress increases with hold temperature up to
85°C and then drops at 90°C as stress viscoelastic
effects appear to become significant. We have thus
established the temperature at which the recovery

stress is a maximum and the SMP most effective. The
lowering of stress at 90°C may reflect the beginning
of disentanglement in the long-range chain network.
The development of shrinkage stress with time has
been observed previously for oriented PET by Lim
and Kim [19] and for oriented polyethylene tereph-
thalate glycol (PETG) by Shih [20].
Some level of stress is detectable immediately on
heating, as we would expect from the negative ther-
mal expansion coefficient reported in the previous
section, but remains small below 60 °C. Stress at the
early stages of heating is shown in Figure 6. We as-
sociate the low initial gradient below 50 °C in this
figure with a negative thermal expansion (see Sec-
tion 3.1.). At around 60 °C, there is a change to a
higher slope, which we associate with the shape
memory effect. Previously, DSC studies on this ori-
ented product have yielded a glass transition temper-
ature in the range 70–78 °C [10]. Further DSC test-
ing using the method described above in Section 2.6.
gives a result consistent with the higher end of this
range. We cannot make a precise distinction in these
observations between force generated by reversible
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Figure 4. DMTA temperature sweeps of loss modulus for the
blend, showing distinct minima for the undrawn
material.

Figure 5. a) Temperature histories in PET shrinkage tests. Legend denotes hold temperatures. b) Evolution of PET shrinkage
stress with time. Legend denotes hold temperatures in Figure 5a.

Figure 6. Initial development of stress in PET as the temper-
ature is raised at 5 °C/min (heating curve). The
cooling curve shows the temperature on cooling
from 50°C.



thermal contraction and that from shape memory
associated with irreversible changes. Examples of
retractive forces of oriented glassy polymers at
below glass transition temperature have been report-
ed by Cheng and Wang [21].
Also, in Figure 6, we show the effect of heating to
50°C followed by cooling. The stress falls on cool-
ing, showing that the thermal contraction effect is re-
versible, at least under these conditions of fixed
specimen length.

3.3.2. PMMA
The same method was used as with PET, but shape
memory forces were observable over a narrower
temperature range. Temperature histories are shown
in Figure 7a, and the related shrinkage forces are
shown in Figure 7b. Stresses are generally lower
than with PET and are at similar levels as those re-
ported for oriented PET by Wright et al. [22]. Except
at the highest temperature, stresses increase gradu-
ally after the hold temperature is reached, as with
PET. At 85 °C, the stress reaches an early peak and
then begins to relax, indicating a significant degree
of viscoelasticity and possible chain disentangle-
ment. The maximum stress is at 82.5°C. On cooling,
this material shows a stress increase in contrast to
the decrease seen in PET.
DSC measurement yielded a glass transition temper-
ature of 114 °C, significantly higher than the lowest
temperature – 75 °C – at which shrinkage force was
detected. This is an effect similar to that seen in PET.
There is no significant shrinkage stress below 75 °C.
In Figure 8, we show the initial development of
stress with temperature averaged over the experi-
ments of Figure 7 together with the results for the
other two materials. At first, the PMMA stress is

negative, corresponding to a positive coefficient of
thermal expansion (see Section 3.1.). This stress is
consistent with the Euler buckling load. Stress be-
gins to grow at around 70 °C, but the beginning of
shape memory cannot be located accurately as there
is a constant negative stress, corresponding to a
buckled specimen, between 50 and 70 °C.
The difference between PET and PMMA behaviour
on initial heating – positive stress for PET and nega-
tive for PMMA, as shown in Figure 8 – is consistent
with their thermal expansion behaviour and compares
directly to the difference in cooling behaviour – a
stress drop for PET and an increase for PMMA.

3.3.3. PET/PMMA blend
Shrinkage stress measurements were made on the
blend material using the same method. The temper-
ature histories and stresses are shown in Figure 9, re-
spectively. Broadly, the stress levels at the hold tem-
peratures lie intermediately between those of PET
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Figure 7. a) Temperature histories in PMMA shrinkage tests. Legend denotes hold temperatures. b) Evolution of PMMA
shrinkage stress with time. Legend denotes hold temperatures in Figure 7a.

Figure 8. Initial development of stress in PMMA and in the
PET/PMMA blend as the temperature is raised at
5 °C/min, with the PET curve shown for compari-
son.



and PMMA. Stress changes on cooling are relatively
small and positive; this correlates with the small and
positive thermal expansion coefficient reported in
Section 3.1. The shape of the recovery stress curve
at 85 °C resembles that of PMMA at the same tem-
perature, suggesting a similar mechanism of disen-
tanglement in the long-range chain network.
The initial stages of stress development are shown
in Figure 8. The initial negative stress corresponds
to the initial positive thermal expansion in Figure 2.
The increase in shrinkage stress between 40 and
50°C corresponds to the beginning of shrinkage in
Figure 2.

3.4. Interpretation
In all cases, shrinkage force increases with time as the
specimen temperature is held constant. We can inter-
pret this behaviour in similar terms to those outlined
by Cheng and Wang [21], in which a long-range net-
work of polymer chains supplies the shrinkage force
while acting within a matrix of polymer chains with
only short-range effects. In the case of the semicrys-
talline oriented polymer, some or all of the long-range
chains may be identified with taught tie molecules
[23]. The matrix of short chains applies localized
shear forces to the prestressed network chains and in-
hibits the transmission of tension through the net-
work; the network tension is partially equilibrated lo-
cally by compression of the matrix. The matrix chains
act viscoelastically so that the restraint forces on the
long-range chains relax with time. This corresponds
to the gradual increase of the observed shrinkage
stress with time when the temperature is held con-
stant. We may visualize the long–range chains steadi-
ly evolving tubes of free volume around them. The

viscoelastic properties of the short-range chain matrix
ensure that the evolution of shrinkage stress is faster
at higher temperatures, as observed.
The magnitudes of the recovery stress for the blend
lie between those for PMMA and those for PET. The
circular zones of PET material in the undrawn blend
become elongated on drawing (see Figure 3). As a
result, their surface area to volume ratio increases,
leading to stronger coupling between the two phases
and to mechanical behaviour that more closely re-
sembles that of a single material. This is reflected in
the DMTA results of Figure 4, where the double
peaks of loss modulus in the undrawn blend are re-
placed by a single peak. The long-range chain net-
works within the PET domains give rise to tensile
forces when heated, and the coupling to the PMMA
phase is sufficient to produce shrinkage stresses that
are around twice those observed in the PMMA re-
sults (see Figures 7b and 9b).
Changes in stress on cooling correlate in sign and
magnitude with the thermal expansion coefficients,
corresponding to reversible thermal strains at pre-
shrinkage temperatures. We associate these changes
with the short-range chain matrix, which we envis-
age acts in parallel with the shape memory forces
arising in the long-range chain network. A rigorous
model of stress on cooling would include the vis-
coelastic behaviour of the short-chain matrix. How-
ever, a realistic estimate of the stress change on cool-
ing may be obtained using a pseudo-elastic analysis,
provided the modulus is measured at a strain rate
comparable with that during cooling. This method
approximately accounts for the loss in stress arising
from stress relaxation during cooling. During cooling,
thermal strains will be induced at all temperatures;
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Figure 9. a) Temperature history for PET/PMMA blend. Legend denotes hold temperatures. b) Shrinkage stresses for
PET/PMMA blend. Legend denotes hold temperatures in Figure 9a.



the effectiveness of the elastic model we propose de-
pends on the rate at which associated stresses relax.
When cooling from higher test temperatures, vis-
coelastic effects will become more important, and
we would expect the model to become less effective. 
For stress change σ, modulus E, expansion coeffi-
cient α and temperature change T, with zero strain,
Hooke’s law gives (Equation (1)):

(1)

During cooling, E varies with T while α remains con-
stant, and the stress change is governed by Equa-
tion (2):

(2)

For a temperature drop from TH to TL, the stress
change Δσ is given by Equation (3):

(3)

where the mean value of E between the temperatures
TH and TL is given by Equation (4):

(4)

With this model, we assume that the matrix of short-
range chains behaves as a solid with constant expan-
sivity throughout the cooling process. For both PET
and PMMA, small strain (up to 0.5%) linear stress-
strain behaviour was measurable over the range of
test temperatures to give modulus values varying
with temperature in an essentially linear manner as
shown in Figure 10. Values of E were obtained by
tensile testing using the method of Section 2.4. Ap-
plied strain rates were equivalent to cooling at
5 °C/min, which is the set rate; this gives strain rates
of 2.1·10–6, 1.5·10–6 and 3.7·10–7 s–1 for the PET,
PMMA and blend, respectively. This approximates
to the experimental conditions under which there is
no active cooling, causing the rate to slow below the
set rate at low temperatures. For reasons of practi-
cality, the blend modulus was obtained at 2.1·10–6 s–1.
Strain rate sensitivity was explored by testing at
room temperature at the higher rate of 8.3·10–3 s–1.
This showed no significant effect on the modulus
value for PET or the blend, and values for PMMA
increased by 16% at the higher rate.

Values of α are those given in Section 3.1. for the
three materials, and values of ΔT correspond to the
temperature drops in Figures 5a, 7a and 9a. Values
of E– were obtained using Equations (4), integrating
using the fitted linear temperature dependence. The
effect of experimental error on the values of E– was
evaluated via the statistics associated with the linear
fits shown as averaged points in Figure 10. For each
material, temperature dependence was assumed to
be in the form (Equation (5)):

(5)

The raw data was fitted to give optimum values of
the intercept E0 and the gradient m, which we label
Ec and mc, respectively. The LINEST function in
Excel [24] also provides their respective standard er-
rors σE and σm. This data enabled the calculation of
95% confidence intervals for both these quantities
using Student’s t-distribution [25]. The confidence
interval for E0 is given by Equation (6):

(6)

and for m (Equation (7)):

(7)

where t(0.05) is the value of the two-tailed t variable
for the appropriate number of degrees of freedom.
Values of intercept and gradient corresponding to
the limits of the confidence intervals were used to
calculate E– from Equation (4), and thus the upper
and lower limits for ∆σ are from Equation (3). For
all materials, the error associated with the thermal

E T0
v a= +

d dE T Tv a=- Q V

E dT a= ,T E T T T TL H

T

T

H L

H

L

v aD =- -Q R RV W W#

,
d

E T T
T T

E T T

L H
H L

T

T

L

H

=
-

R R
Q

W
V
W

#
E T E mT0= +Q V

. , . ,E t E t E E E E0 05 0 05c E c E c cv v D D- + = - +Q QV V" "% %

. , . ,m t m t m m m m0 05 0 05c m c m c cv v D D- + = - +Q QV V" "% %

J. Sweeney et al. – Express Polymer Letters Vol.17, No.12 (2023) 1212–1223

1220

Figure 10. Temperature dependence of mean values of mod-
ulus for the three materials.



expansion α is negligible compared with that asso-
ciated with E–, and so the constant values of
Section 3.1. are used in Equation (3). Parameter val-
ues are shown in Table 1.
The observed and modelled stress changes are
shown in Figure 11; central values are for E0 – Ec
and m – mc, and the upper and lower estimates are
as explained above. In the case of PET, the experi-
mental points lie between the upper and lower esti-
mates, suggesting that uncertainties in the modulus
data are responsible for much of the discrepancy in
the model prediction. However, the low-stress drop
at the highest temperature appears to have a physical
origin, such as disentanglement of the long-range
chain network at the post-glass transition test tem-
perature of 90°C. The blend results are generally re-
alistic. The gradients of the estimates for the PMMA
stress drop are low compared with the experimental
result. The overall impression is that, while this
pseudo-elastic approach neglects details of time-de-
pendent effects, its performance demonstrates that
the stress drops are directly driven by reversible ther-
mal expansion or contraction.
The results of the pseudo-elastic model suggest that
the shrinkage stress arising from the shape memory
effect stays constant as the temperature drops and that
the stress we observe on cooling is the sum of this
stress and the change arising from the cooling of the

short-range chain network. With the PET/PMMA
blend, the low coefficient of thermal expansion allows
for some clear observations. In Figure 12, we show
shrinkage stress for the blend as the temperature
drops rapidly from 80 to 65 °C and then from 65°C
to room temperature. There is little change in shrink-
age stress at these points and the small changes that
we see decay quite rapidly. In contrast, there would
be a substantial change in response to an increase in
temperature of a similar size (see Figure 9b). Simi-
larly, in Figure 13, we show the effects of repeated
cooling and heating of the blend, which leaves the
shrinkage stress relatively unperturbed. The general
finding is that once a shrinkage force has been es-
tablished by heating, it is largely unaffected by cool-
ing. Reverting to our interpretation of long-range
chains within tubes of free volume, this corresponds
to the permanency of the viscoelastic dimensional
changes in the matrix of short-range chains so that
the tubes of free volume do not shrink as the tem-
perature drops.
The small changes in shrinkage stress that accompa-
ny significant changes in absolute temperature (up
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Table 1. Parameters for statistical analysis.

Material Ec
[GPa]

ΔE
[GPa]

mc
[GPa/°C]

Δm
[GPa/°C]

α
[°C–1]

PET 12.64 1.10 –42.33 16.59 –2.54·10–5

PMMA 04.28 0.17 –28.11 02.92 1.76·10–5

Blend 04.32 0.43 –20.62 07.91 4.40·10–6

Figure 11. Observed stress changes on cooling to room tem-
perature at the end of shrinkage tests compared
with results of a pseudo-elastic model.

Figure 12. Shrinkage stress for PET/PMMA blend with ac-
companying temperature drops.

Figure 13. Shrinkage stress for PET/PMMA blend with re-
peated cooling and heating.



to 20% in Figures 12 and 13) show that the shrinkage
stress is not proportional to absolute temperature
and, therefore, not entropic. This is consistent with the
work of Cheng and Wang [21] on stress recovery in
polymer glasses, in which they specifically rule out
rubber elasticity as the source of stress recovery. Non-
entropic recovery stress has also been observed by
Kim et al. [26] while working with an epoxy system.

4. Conclusions
Oriented PET, PMMA and an oriented PET/PMMA
blend have been subjected to measurements of
shrinkage restraint forces while heated to a constant
hold temperature and held at constant length. Stress-
es develop similarly with time for all materials while
heating is maintained, but on cooling, the behaviour
contrasts. PET shows a drop in stress on cooling,
PMMA rises in stress, and the blend rises in stress
to a much smaller extent than the PMMA. This be-
haviour correlates with the thermal expansion at
temperatures below the onset of shrinkage, for which
the expansion coefficients are negative for PET, pos-
itive for PMMA and positive but around two orders
of magnitude lower for the blend. The relationship
between stress drop and thermal expansion is estab-
lished quantitatively using a pseudo-elastic model.
The effectiveness of the pseudo-elastic model is con-
sistent with the stress being the sum of two compo-
nents: the major tensile stress associated with shape
memory and a network of polymer molecules with
long-range effects; and a matrix of chains with ef-
fects at relatively short range. This is an arrangement
similar to that suggested by Cheng and Wang [21].
The latter matrix is a viscoelastic medium that in-
hibits the transmission of stress through the long-
range network, with the degree of inhibition fading
with time, accompanying the gradual rises in shrink-
age stress. The stress on cooling can be interpreted
as the thermoelastic behaviour of the short-range
chain matrix.
The blend has a low coefficient of thermal expansion
and, in line with the pseudo-elastic model, the stress
changes with cooling are small. Once a shrinkage
stress has been established by heating, cooling while
maintaining restraint produces negligible change in
it. This shows clearly that the shrinkage force is not
proportional to the absolute temperature and implies
that it is not entropic in origin.
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1. Introduction
Thermosetting polymers or thermosets are widely
used in different engineering sectors, such as auto-
mobiles, navigation, communication, or construction,
as coatings, adhesives, and polymeric matrices for
composite materials [1, 2]. They account for approx-
imately 18–20% of the total polymeric material man-
ufactured worldwide, with an annual production of
about 65 million tons [3, 4]. Thermosets are charac-
terized by a permanently crosslinked network, which
gives the material excellent chemical resistance,
thermal and mechanical properties, and dimensional

stability. However, this is also a major drawback for
recycling due to the difficult degradation, reprocess-
ing, and dissolution of the polymer [5]. In addition
to this disadvantage, the vast majority of thermosets
are derived from petroleum-based chemicals such as
bisphenol A, which results in this material having a
significant carbon footprint, besides possible nega-
tive health impacts [6].
In particular, epoxy resins are one of the most impor-
tant commercial thermosetting polymers due to their
outstanding properties for their use in the production
of composite materials [7, 8]. These properties,
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which include mechanical strength, chemical resist-
ance, adhesion, low shrinkage, electrical insulation,
dimensional stability, and processability, lead to a
high demand for this material, with an estimated pro-
duction volume of more than 3 million tons [5, 9].
This value makes it very significant to develop eco-
efficient epoxy resins. Even though compared to
thermoplastics, much less research has been done on
sustainable thermosets, there is a growing interest in
more environmentally friendly solutions, especially
focusing on their chemical perspective. Numerous
studies have been conducted using precursors from
renewable resources to develop bio-based thermoset-
ting resins [10]. Examples include vegetable oils
(VOs), cardanol, lignin, itaconic acid, or tannins,
among others [11–17].
VOs, especially polyunsaturated oils, are among the
most widely used natural raw materials in polymer
synthesis, not only because of their physicochemical
properties but also due to their abundance in nature,
low cost, and easy extraction [18, 19]. In addition,
the wide variety of VOs with different monomers,
functionalities, and reactivities provide different re-
sults in the properties of the polymer obtained [1].
In this context, VOs have proven to be attractive as
substitutes for petrochemical epoxy resins for spe-
cific low-load-bearing applications. They also ame-
liorate the brittleness issues that these materials pres-
ent due to their highly crosslinked structure and
sensitivity to moisture [20].
VOs mainly comprise triglycerides formed by the
esterification of three fatty acids and glycerol. These
fatty acids are classified according to the number of
unsaturation (C=C, double bonds) they contain, and
they can be saturated fatty acids (SFAs), monounsat-
urated fatty acids (MUFAs), and polyunsaturated
fatty acids (PUFAs). These double bonds are reactive
sites that can be easily modified for functionalisation
with active molecules such as oxirane oxygen, male-
ic anhydride, hydroxyl, or acrylate [21, 22]. This
functionalisation of triglycerides allows these VOs
to be employed in polymer engineering in different
ways: plasticisers, compatibilisers, stabilisers, and
also to develop bio-based thermosetting resins [23,
24]. A standardized way of expressing the average un-
saturation value is theiodine value (IV), expressed in
I g I2·(100 g)–1 oil, meaning that the higher the
amount of double bonds, the higher the IV value.
Those oils that possess a high IV have more potential
to be modified and, therefore, used in industrial

applications. For this reason, some of the most com-
monly used VOs are those shown in Table 1, where
their iodine content is indicated.
Brazil nut (Bertholletia Excelsa) oil (BNO) has an
IV of 94–106 I g I2·(100 g)–1 oil [28], indicating a
great potential for developing thermosets. This nut
has an oil content of between 60–70% [29], with
around 75.6% unsaturated fatty acids (UFAs) [30],
including MUFAs such as palmitic, stearic, and
oleic, and PUFAs such as linoleic, this one account-
ing for 36% [30] of the total. Despite the interesting
lipid profile of BNO, there is hardly any literature
related to its functionalisation for use in industrial
applications.
As aforementioned, unsaturation (C=C) are reactive
sites to functionalise the triglycerides for using these
modified VOs (MVOs) to synthesise polymers. Es-
pecially the epoxidation process has received special
attention. In this process, epoxy groups (oxirane
rings) are introduced into the carbon-carbon double
bonds of unsaturated fatty acids with peracids, re-
sulting in epoxidized vegetable oils (EVOs) [31].
The reactive points, i.e. the oxirane rings as an end
group of the triglycerides, will act as crosslinking
points of the three-dimensional chain to form these
thermosets. Some of the commercially available
EVOs are epoxidized soybean oil (ESBO) and epox-
idized linseed oil (ELO) and have been demonstrated
for use in developing bio-based thermosetting epoxy
resins as coating and polymer matrices [32, 33].
On the other hand, to convert the uncured epoxy
resin into a hard, infusible thermosetting network
with the desired properties, it is necessary to have
the presence of a hardener acting as a curing agent
[34]. Some of the most commonly used hardeners
for epoxy-type resins are petrochemical-based, such
as amines or anhydrides [35]. They are not only en-
vironmentally unfriendly but also toxic to humans.
Aliphatic amines, cycloaliphatic amines, and anhy-
dride-curing agents can be responsible for skin, eyes,
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Table 1. IV content of different VOs.

VOs IV
[I g I2·(100 g)–1 oil) References

Linseed 155–205 [25]
Soybean 124–139 [26]
Cottonseed 099–113 [25]
Rapeseed 091–108 [27]
Sunflower 110–143 [27]
Brazil nut 094–106 Current study



and lung problems [36]. In literature, many works
have been carried out to develop bio-based ther-
mosets from EVOs such as ESBO, ELO, or epoxi-
dized canola oil (ECO) using these types of hardeners
[37–39]. Nevertheless, fewer studies have combined
both EVOs and bio-based hardeners, obtaining prom-
ising results. For instance, Stemmelen et al. [40] have
demonstrated the feasibility of synthesising a fully
biobased epoxy resin by amination of VO’s, in this
case using an aminated grapeseed oil (AGSO) as a
hardener of ELO. Chen et al. [41] synthesized a high
bio-content epoxy resin by developing a maleopimar-
ic acid by grafting anhydride maleic groups onto the
molecular structure of rosin to act as a curing agent
for ESO. Samper et al. [42] also developed an epoxy
resin using ELO and a mixture of a petroleum-de-
rived crosslinking agent, methyl nadic anhydride
(MNA), and a VO-based maleinized linseed oil
(MLO). Following this line, Fombuena et al. [43] de-
veloped a composite with over 98% bio-based con-
tent, using solely derivates from linen.
Therefore, the novelty of the present work lies in the
study of a novel source of VO, which is highly abun-
dant and can aspire to replace part of the petrochem-
ical resins used to manufacture composite materials
or coatings, among many other applications. This
study aims to develop and optimise a novel epoxy
resin obtained from the use of BNO. On the one hand,
EBNO is used as a thermosetting matrix and, on the
other hand, a petroleum-derived hardener methyl-
hexanhydrophtalic anhydride (MHHPA) is com-
bined with maleinized Brazil nut oil (MBNO) to
achieve a high bio-based content comprised between
56.3 and 75.2 as will be seen in Table 2. The ratio of
MBNO and MHHPA is systematically varied to
analyse the variability of the mechanical and thermal
properties that can be obtained. Finally, it should be
noted that the results of this work allow the study of
future works of composite materials with a high con-
tent of bio-based material and low impact on the en-
vironment if compared to those obtained from petro-
chemical resins.

2. Materials and methods
2.1. Materials
Brazil nuts were provided by FrutoSeco S. L. for this
project (Alicante, Spain). The mechanical extraction
method at room temperature was used to obtain BNO
with a pressing machine model DL-ZYJ05 purchased

from Nanchang Dulong Industrial Corporation
(Zucheng, China).
Afterwards, the BNO is chemically modified by the
epoxidation process to obtain EBNO, used as an
epoxy matrix. It was performed in situ using hydro-
gen peroxide (30% v/v) (CAS: 7722-84-1), acetic
acid (99.7%) (CAS: 64-19-7), and sulfuric acid
(97%) (CAS: 7664-93-9) supplied by Sigma Aldrich
(Madrid, Spain).
Two different hardeners were used to crosslink
EBNO. On the one hand, MBNO was used as a hard-
ener of biological origin to increase the bio-based
content of thermosets. The maleinization of BNO
was performed by adding maleic anhydride (MA) of
>98% purity (CAS: 33225-51-3), supplied by Sigma
Aldrich (Madrid, Spain). On the other hand, MHHPA
(CAS: 25550-51-0), which has an anhydride equiv-
alent weight (AEW) of 168.19 g·eq–1 and was pro-
vided by Sigma Aldrich (Madrid, Spain), was used
as a petrochemical crosslinker.
Besides, glycerol (CAS: 56-81-5 ) was used as an ini-
tiator and 1-methylimidazole (CAS: 616-47-7) as an
accelerator, both supplied by Sigma Aldrich (Madrid,
Spain).
All chemical structures of all the components used
(epoxy resin (EBNO), crosslinkers (MBNO and
MHHPA), initiator (glycerol), and accelerator
(1-methylimidazole)) are shown in Figure 1.

2.2. Chemical modifications of BNO
To conduct the epoxidation reaction of BNO to ob-
tain the bio-based epoxy matrix, the method de-
scribed by Dominguez-Candela et al. [44] was fol-
lowed. The BNO was introduced into a three-neck
round-bottomed flask immersed in a thermostatic
water bath at a constant internal flask temperature of
60°C. After the oil reached this temperature, glacial
acetic acid was introduced at a stirring speed of
220 rpm. After 10 min, sulfuric acid and hydrogen
peroxide were mixed and added dropwise for ap-
proximately 30 min. Then, the reaction was carried
out for 8 h, cooled at room temperature, and cleaned
by decantation and centrifugation.
On the other hand, to carry out the maleinization of
BNO to obtain a bio-hardener, the process described
in previous works [45] was used. The maleinization
was conducted with a molar ratio of 2.4:1 of maleic
anhydride to virgin oil, also in a three-neck round-
bottomed flask stirred at a constant speed of 300 rpm.
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Three temperature steps, 180, 200, and 220°C, were
used, split over the 3 h of reaction.

2.3. Characterization of chemically modified
EBNO and MBNO

The Oo of EBNO was determined. This value allows
for assessing the number of oxirane oxygen groups
in the fatty acids due to their substitution by the dou-
ble bonds through the epoxidation of the oil. For this
purpose, the process described in ASTM D1652 was
followed. According to this standard, a sample must
be dissolved in chlorobenzene, followed by the ad-
dition of crystal violet drops and titration with a so-
lution of hydrobromic acid (HBr) in glacial acetic
acid. By using the Equation (1), the Oo content is
calculated:

(1)

where V is the volume of HBr solution used for titra-
tion sample [ml], B is the volume of HBr solution

used for blank titration [ml], and W refers to the sam-
ple mass of oil used [g].
The epoxy equivalent weight (EEW) expressed in
grams of epoxy resin containing one equivalent of
the epoxy group [g·eq–1] is one of the most relevant
parameters to characterize epoxy resins. It is related
to the crosslinking density and allows the calculation
of the required amount of crosslinking agent for the
curing process. It was also determined following
ASTM D 1652 by titration using the Equation (2):

(2)

where N is the equivalent concentration of HBr to gla-
cial acetic acid. At least five measurements are made
for each sample, and the average value is given.
On the other hand, IV refers to the mass of iodine
absorbed by 100 g of oil. It is an index used to assess
the amount of double bonds available in fatty acid
chains. Therefore, when epoxidation occurs, this
value decreases. The IV was determined with a Wijs
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Figure 1. Chemical structures of the components used to obtain the bio-based epoxy resin.



solution that reacted with the double bonds and by
titration process using sodium thiosulfate solution
following the guidelines of ISO 3961. The value was
calculated using the Equation (3):

(3)

where IV refers to the iodine value in g I2·(100 g)–1

oil, c is the normality of sodium thiosulfate solution,
V1 is the volume of thiosulphate sodium needed for
titration of the blank [ml], V2 is the volume of sodi-
um thiosulphate used for titration [ml], and m is the
mass of the oil sample [g].
The acid value (AV) is a parameter that allows to as-
sess the degree of maleinization of the MBNO. As
the maleinization takes place, the value of AV in-
creases since the molecules of anhydride maleic are
added to the double bonds. It was obtained according
to ISO 660 by titration of a sample of the oil dis-
solved in ethanol using a potassium hydroxide solu-
tion. Then, the AV is calculated with Equation (4):

(4)

where C refers to the concentration of the potassium
hydroxide solution [mol·l–1], V to the potassium hy-
droxide volume used for the sample titration [ml],
and m to the mass of oil used for the titration [g].

2.4. Samples preparation
Several epoxy resin formulations were developed
to evaluate the highest percentage of bio-based
resins that can be obtained with good performance.
For this purpose, the amounts of EBNO, glycerol,
and 1-methyl imidazole have been kept constant in
the way that glycerol was incorporated at 0.8 wt%
and 1-methylimidazole at 2.0 wt% concerning the
mass of the epoxy component, as recommended in
the literature [46]. The molar ratio of the hardeners,
MBNO and MHHPA, has been modified to replace
MHHPA with the bio-based hardener as much as

possible. All the formulations are prepared using a
ratio EEW:AEW of 1:1.5 since this relationship
seems appropriate to achieve a good curing degree
of EBNO. This ratio depends on the epoxy groups
contained in the EVO that will allow its crosslinking
with the hardener [47]. The different formulations
are gathered in Table 2.
The formulations were carried out manually, stirring
all the components vigorously at room temperature
in aluminum containers, ensuring a homogeneous
mix. After, the mixtures are poured into a silicone
mold with dimensions of 80×10×4 mm to obtain
samples for standard tests, according to ISO 178 and
ISO 179. The mold is placed into an air oven model
Conterm 80L from J. P Selecta (Barcelona, Spain)
to perform the curing. The curing cycle was carried
out at 90 °C for 3 h and post-curing at 120 °C for
2 extra hours. The appearance of the cured samples
is shown in Figure 2.
Figure 3 shows a schematic approach to the process
of proposed polymerisation through the interaction
of EBNO and MHHPA (Figure 3a) and EBNO,
MBNO and MHHPA (Figure 3b). In it, the black
dots refer to the reactive oxirane groups in EBNO,
red dots represent the maleic groups anchorage in
the structure of MBNO, and green dots represent the
chemical structure of the MHHPA. Figure 3a shows
the reaction using only MHHPA as the crosslinker
for the EBNO epoxy resin. It shows how the structure

.
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Table 2. Composition of different samples of epoxy resin based on EBNO.

Sample MHHPA
[%]

MBNO
[%]

Glycerol
[wt%]

1-methylimidazol
[wt%]

Bio-based content
[%]

MHHPA100 100 00 0.8 2 56.3
MHHPA90:MBNO10 090 10 0.8 2 61.4
MHHPA80:MBNO20 080 20 0.8 2 66.2
MHHPA70:MBNO30 070 30 0.8 2 70.8
MHHPA60:MBNO40 060 40 0.8 2 75.2

Figure 2. Cured samples a) MHHPA100,
b) MHHPA90:MBNO10,
c) MHHPA80:MBNO20,
d) MHHPA70:MBNO30,
e) MHHPA60:MBNO40.



resulting from this reaction is more compact and
clustered due to the lower length, viscosity, and mo-
lecular weight of the petrochemical hardener,
MHHPA. However, as shown in Figure 3b, when
MBNO is added, the free volume between molecular
chains increases, contributing to better mobility and,
thus, flexibility of the final thermoset resin [48].

2.5. Fourier transform infrared spectroscopy
(FTIR)

FTIR was performed using a Bruker Vector 22 spec-
trometer from Bruker Española, S. A. (Madrid, Spain)
to analyse the chemical structure of BNO, EBNO,
and MBNO, as well as that of the cured samples. The
wavelength range employed was 4000–400 cm–1,
with a spectral resolution of 4 cm–1 and performing
an average of 20 scans. All the FTIR spectra ob-
tained were normalized with a limit ordinate of 1 ab-
sorbance unit by using the Perkin-Elmer Software
Spectrum.

2.6. Mechanical characterization
Flexure, impact, and hardness tests of the different
solid samples were conducted to analyse their me-
chanical properties. The flexural test was carried out
using an Ibertest ELIB 30 universal testing machine

from S.A.E. Ibertest (Madrid, Spain) at room tem-
perature and a crosshead speed of 5 mm·min–1 using
a load cell of 5 kN, according to ISO 178. The im-
pact test was conducted using a 6 J Charpy pendu-
lum from Metrotec S.A (San Sebastian, Spain), fol-
lowing the guidelines of ISO 179. For both tests,
flexural and impact, the samples tested had the men-
tioned dimensions, 80×10×4 mm, according to their
respective standards. Lastly, the hardness test was
performed (15 tests per sample) using a Shore D
durometer 673-D from J. Bot S.A. (Barcelona, Spain),
according to ISO 868. The reported results are ob-
tained by averaging the test over a minimum of
5 samples. The Dixon Q test was applied to the me-
chanical characterization values in order to provide
more reliable values.

2.7. Thermal characterization
Differential scanning calorimetry (DSC) was carried
out to analyse the curing process and the post-cured
samples of the different combinations of novel epoxy
bio-resins. The DSC test was performed on a Mettler
Toledo DSC 821 (Schwerzenbach, Switzerland). The
test conditions were under a nitrogen atmosphere with
a flow rate of 66 ml·mm–1, with a thermal program
consisting of a temperature ramp of 30–340 °C at a
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Figure 3. Schematic representation of polymerization effect of EBNO with MHHPA (a) and MHHPA:MBNO mixture (b).



heating rate of 10 °C·min–1. From the calorimetric
curves resulting from the test, the values of the initial
temperature, the maximum crosslinking temperature
(peak), and the final temperature of the process are
obtained. Likewise, from the integration of the area
of the exothermic peak of each sample, the normal-
ized enthalpy values are determined in J·g–1. The
normalized enthalpy of the exothermic peak was ob-
tained using Mettler Toledo’s STARe Evaluation
software, explicitly using the ‘integration’ function
and selecting an equal temperature range for all sam-
ples. In addition, to determine the Tg of the cured
samples, three analyses (temperature ramp of 30–
340°C at a heating rate of 10 °C·min–1) per sample
were performed, and the mean value was chosen.
Thermogravimetric analysis (TGA) was carried out
to analyse the thermal stability with model TGA
PT1000 from Linseis Inc. (Selb, Germany). The
analysed samples have a weight between 20–25 mg,
with the temperature program from 30 to 700°C with
a speed of 10°C·min–1 and with a constant nitrogen
flow of 30 ml·min–1. Three analyses were performed
for each sample to try to provide average values.

2.8. Morphological characterization
The morphologies of the cross-sectional areas of the
fractured samples collected from the impact test
were evaluated. For this, a field emission scanning
electron microscopy (FESEM) model Zeiss Ultra 55
from Oxford Instruments (Oxfordshire, UK), was
used. The samples were previously coated with a
thin layer of gold-palladium alloy under vacuum
conditions employing an EM MED020 sputter coater
from Leica Microsystems (Wetzlar, Germany). The
surfaces were observed applying an acceleration
voltage to an electron beam of 2 kV.

3. Results
3.1. Chemical characteristics of the oils
Concerning the values obtained with the characteri-
zation of BNO, EBNO, and MBNO by the different
titration methods, all of them have demonstrated that
the chemical modifications of the oil have occurred.
Starting with IV, BNO was found to have a value of
102.4 g I2·(100 g)–1. This high unsaturation value is
related to the fatty acid composition of BNO, which
is rich in MUFA and PUFA. The most representative
fatty acids determined by gas chromatography were
briefly: MUFA, consisting mainly of oleic acid
(34.56%) and PUFA, highlighting linoleic acid

(37%), which has the highest number of double
bonds with two double bonds for each fatty acid
[30]. These results show the high availability of dou-
ble bonds that can react during the epoxidation or
maleinization of the oil and be replaced by oxirane
oxygen or maleic anhydride molecules. This value
of IV decreases in the case of EBNO to
11.6 g I2·(100 g)–1, which indicates that the epoxi-
dation process took place. This success in the mod-
ification of the oil is also corroborated by the values
of EEW and Oo, which indicates that this decrease
in the amount of the double bonds is due to their sub-
stitution with the epoxy groups. The value of EEW
is 365 g·eq–1, and the Oo value was 4.22%, repre-
senting a conversion of 69%, determined from the
theoretical Oo value of 6.11%, calculated from the
average of its fatty acids. These values are similar to
the ones reported by Kim and Sharma [49], who ob-
tained the IV and the Oo of several EVOs such as lin-
seed (IV 31.02 g I2·(100 g)–1 and Oo 8.91%), soybean
(IV 17.11 g I2·(100 g)–1 and Oo 6.65%) or radish (IV
20.30 g I2·(100 g)–1 and Oo 4.89%). Regarding the
maleinization, MBNO also shows a decrease in the
availability of the double bonds. The IV was found to
be 49.3 g I2·(100 g)–1. Moreover, the AV increased
from 0.20 mg KOH g–1 of BNO to 130 mg KOH g–1

with the MBNO, indicating that the maleinization
process occurred. This value is in line with the one re-
ported by Ferri et al. [50] who indicates a value from
105 to 130 mg KOH g–1 for a commercial MLO.

3.2. Functional group analysis of raw
materials and cured samples

To verify the chemical modification performed on
the BNO, Figure 4 presents FTIR spectra of the
BNO, the EBNO, and the MBNO. On the one hand,
the spectrum of BNO was characterized by the ap-
pearance of the band at 3006 cm–1 assigned to the
C–H stretching vibration of the cis-double bond
(=CH). Also, in the fingerprint region, two peaks ap-
pear at 1170 and 1236 cm–1 related to the stretching
vibration of the C–O ester groups. At 1748 cm–1, in
the double bond’s stretching region, appears an ester
carbonyl functional group of the triglycerides [51].
On the other hand, the spectrum of EBNO was char-
acterized by the epoxy group’s appearance at the band
824 cm–1 and the disappearance of the carbon-carbon
double bond absorption band at 3006 cm–1, indicating
that the epoxidation reaction took place. In addition,
a broad band was observed at 3300–3600 cm–1 that
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could be associated with the glycol’s production in
the epoxidation process, as shown in other studies
[52]. This is because other reactions, such as hydrol-
ysis, can occur, leading to the opening of the oxirane
ring and, therefore, to the formation of other sub-
products. Epoxides can be attacked by water (acid-
catalysed), acetic acid, and peracetic acid [53].
About the FTIR spectrum of the bio-based crosslinker
MBNO, the characteriztic bands of the maleic group
of MBNO can be observed, especially highlighting
the increase in the intensity of the peaks at 1850 and
1788 cm–1 corresponding to the symmetric and asym-
metric stretching of the C=O bond of the maleic an-
hydride. Additionally, at 1250 and 1170 cm–1, the
symmetric and asymmetric stretching of the C–O–C
bonds of the maleic groups are observed [54]. There-
fore, from the FTIR spectrum of MBNO, it can be
confirmed that the maleic anhydride has been an-
chorage to the triglyceride structure of the BNO and,
as a consequence, it was modified, providing a more
reactive oil to be used as a crosslinker.
After analysing the starting materials, the crosslink-
ing reaction was monitored by FTIR to verify the
formation of chemical bonds between EBNO and the
different crosslinker mixtures (MHHPA:MBNO) in
the cured samples. Figure 5 shows the FTIR spectra
of all resins developed, highlighting the main char-
acteriztic peaks. As previously discussed in the FTIR
of raw materials, the characteristic peaks of the func-
tional groups are located mainly at 1850 and
1788 cm–1, corresponding to the anhydride groups
in the MHHPA or MBNO structure, and at 824 cm–1

for the epoxy group in the EBNO structure. These
peaks, highlighted with vertical black dashed lines,

disappeared in all samples due to the opening of the
epoxy ring and anhydride groups as a consequence
of the crosslinking reaction. In the FTIR spectra of
the different resins cured, the main groups evidencing
the chemical bonds formed. It is important to high-
light the group related to the carbonyl C=O stretching
at 1730 cm–1 and the C–O–C stretching at 1184 and
1162 cm–1, which were highlighted with vertical red
dotted lines in the FTIR spectra. Therefore, the dis-
appearance or decrease of the main reactive groups
in epoxidized and maleinized oils and the change in
the intensity of new groups related to the chemical
interaction of the compounds provide evidence of the
observed crosslinking at the macroscopic level
through the hardening of the new bio-resins.

3.3. Mechanical properties
After characterizing the crosslinking of the resins
using FTIR, Table 3 and Figure 6 show a summary
of the macroscopic behavior through the flexural
properties. As it can be clearly seen, as the MBNO
content increases, both the flexural strength and
modulus decrease, thus indicating the flexibilisation
effect provided by the introduction of the MBNO.
The EBNO system cured with a petrochemical an-
hydride shows a flexural strength of 11.3 MPa and a
flexural modulus of about 210 MPa. As can be seen,
when 10 wt% MHHPA is replaced by MBNO,
MHHPA90:MBNO10, the flexural strength decreases
to 6.1 MPa while the flexural modulus goes down to
95.4 MPa. At first, the decrease in both flexural
strength and modulus follows a linear tendency, al-
though, from the MHHPA70:MBNO30 mixture
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Figure 4. FTIR spectra of BNO, EBNO, and MBNO. Figure 5. FTIR of cured samples based on EBNO cross -
linked with different MHHPA:MBNO mixtures.



onwards, flexibility is high that both flexural
strength and modulus strength show values close to
zero, as can be seen in Figure 6. Dominguez-Candela
et al. [55] showed values of 57.0 and 765.0 MPa for
flexural strength and modulus, respectively, using an
epoxidized chia oil (ECO) cured with methyl nadic
norbornene anhydride (MNA). These differences with
the present study can be ascribed to different amounts
of linkage points of epoxy resins used. While EBNO
has an EEW of 365 g·eq–1, ECO has an EEW of
219 g·eq–1, which justifies that some mechanical pa-
rameters, such as flexural modulus, are practically
three times higher. MBNO, therefore, serves as an
efficient crosslinker to replace current petrochemical
hardeners. However, due to its high molecular weight
formed by the long chains of triglycerides, it imparts
excellent ductile properties to the resulting resins,
making it suitable for applications subjected to low
mechanical stress. It should be noted that the me-
chanical properties of the samples are strictly related
to the chemical structure of the crosslinker, as ob-
served. While MNA or MHHPA provides a very
compact and semi-rigid crosslinking unit, function-
alized long fatty acid chains lead to an increase in
free volume and, thus, to an increase in chain mobil-
ity, which contributes to improved flexibility of the
thermosetting resins. Other studies showed similar
properties to the present work. Lerma-Canto et al.
[56] showed similar results in their work employing
an epoxidized hemp oil (EHO) crosslinked with an
MNA and maleinized hemp oil (MHO) mixtures.
They recorded a flexural modulus of 300 MPa and a
flexural strength lower than 7 MPa for the samples
crosslinked using lonely MNA. Furthermore, as the
crosslinker MHO content increased in the mixture of
MNA/MHO, the modulus decreased constantly up
to the samples crosslinked with the MNA50/MHO50
mixture, in this case, the modulus being around
60 MPa and the flexural strength around 6 MPa. At

higher contents, the flexural modulus remained con-
stant at around 7 MPa.
As for the mechanical characterization of the bio-
resins developed, Table 4 shows the results obtained
for the Impact-absorbed energy and Shore D hard-
ness of the cured samples. Following the same trend
observed previously in the flexural assay, the hard-
ness decreases linearly as the MBNO content in the
samples increases. In this case, the maximum hard-
ness is obtained for the sample crosslinked with
MHHPA100, with a value of 57 Shore D. This value
is very similar to that achieved by Samper et al. [57]
when crosslinking of ELO with phthalic anhydride
(PA) and maleic anhydride (MA), obtaining a value
of 66 Shore D. The lowest hardness value obtained,
21.2 in the sample MHHPA60:MBNO40, once again
provides an idea of the elevated ductile properties
achieved using MBNO as a crosslinker.
The results of impact-absorbed energy determined
by the Charpy impact test demonstrate how the resin
developed solely with the petrochemical hardener
has a toughness of 1.4 kJ·m–2. This reduced value
results from the stiffness provided by the petrochem-
ical hardener due to its low viscosity, molecular
weight, and high reactivity. In the case of sample
MHHPA100, it is observed that the value obtained
is 1.4 kJ·m–2. When the content of MBNO increases
up to 30%, MHHPA70:MBNO30, its value increases,
reaching 6.5 kJ·m–2. As a result of the increased duc-
tility, the sample developed with a 40% content of
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Table 3. Influence of cured samples based on EBNO cross -
linked with different MHHPA:MBNO mixtures in
terms of flexural strength and flexural modulus.

Samples Flexural strength
[MPa]

Flexural modulus
[MPa]

MHHPA100 11.3±0.5 210.1±10.2
MHHPA90:MBNO10 6.1±0.5 95.4±7.9
MHHPA80:MBNO20 2.3±0.1 14.1±0.1
MHHPA70:MBNO30 0.9±0.1 6.7±0.7
MHHPA60:MBNO40 0.9±0.1 5.6±0.6

Figure 6. Influence of cured samples based on EBNO cross -
linked with different MHHPA:MBNO mixtures in
terms of flexural strength and flexural modulus.



maleinized oil-based hardener did not break after
being subjected to the impact of the pendulum in the
test, demonstrating its ductility and flexibility. There-
fore, this increase in flexibility and ductility can be
beneficial in preventing impact fractures and rapid
crack propagations typically associated with three-
dimensional networks of high density, which are
characteristic of thermoset resins [58]. Samper et al.
[57] studied ELO and ESO mixtures cured with a
crosslinker mixture based on PA and MA and ob-
tained similar impact energy absorption values.
Specifically, for the 100% ELO with PA/MA, the en-
ergy absorption was 4.2 kJ·m–2, lower than that of
the present work.

3.4. Thermal properties
The exothermicity characteriztic of the curing
process of thermoset resins has been evaluated using
DSC. As can be observed in Figure 7, the calorimet-
ric curves are characterized by an exothermic peak,
which provides information about the reaction be-
tween the EBNO-based epoxy resin and the MBNO
and MHHPA hardeners. The main parameters ob-
tained from each curve are summarized in Table 5.
The onset and the end represent the start and end of
the crosslinking reaction, while the peak of the exo -
thermic curve represents the temperature at which the
maximum crosslinking rate occurs. Furthermore, the
area under each curve is representative of the normal-
ized enthalpy of cure for the samples, measured in

J·g–1. As can be seen in Table 5, the cross linking
process starts at about 101–109°C and ends between
203–224°C, depending on the mixture of hardeners
used. It is possible to observe in Figure 7 that as the
ratio of MBNO increases, the curves tend to shift to-
wards lower temperatures. This results in a lower
peak temperature. It moves from 183.5 °C for the
EBNO system crosslinked with MHHPA100 to val-
ues of 169.7 °C for the system crosslinked with a
MHHPA60:MBNO40 mixture. This decrease in
peak temperature can have a positive effect at an in-
dustrial level, as it requires lower temperatures and,
therefore, lower energy costs for the crosslinking of
the resins. The same trend is observed for the nor-
malized enthalpy, which is maximum for the sample
crosslinked with MHHPA100 with a value of
99.9 J·g–1. As the MBNO content in the crosslinker
mixture increases, the maximum enthalpy decreas-
es, indicating that MBNO leads to lower exo -
thermicity. Hence, the EBNO resin cured with the
MHHPA90:MBNO10 mixture shows a slight de-
crease in the enthalpy value (84.3 J·g–1), while the
system crosslinked with the MHHPA60:MBNO40
mixture reaches minimum values of 27.4 J·g–1. The
lower exothermicity provided by the presence of
MBNO is directly related to the chemical structure
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Table 4. Influence of cured samples based on EBNO cross -
linked with different MHHPA:MBNO mixtures in
terms of impact-absorbed energy and Shore D hard-
ness.

Samples Impact-absorbed energy 
[kJ·m–2]

Shore D
hardness

MHHPA100 1.4±0.2 56.9±5.0
MHHPA90:MBNO10 2.5±0.2 54.1±5.1
MHHPA80:MBNO20 4.7±0.6 35.9±3.2
MHHPA70:MBNO30 6.5±0.3 27.8±2.7
MHHPA60:MBNO40 Did not break 21.2±2.1

Figure 7. Plot comparison of the dynamic DSC thermo-
grams of the curing process of EBNO crosslinked
with a mixture of MHHPA and MBNO.

Table 5. Main parameters obtained by DSC of EBNO crosslinked with different MHHPA:MBNO mixtures.

Samples Onset
[°C]

Peak temperature
[°C]

Endset
[°C]

Enthalpy
[J·g–1]

MHHPA100 109.0 183.5 223.4 99.9
MHHPA90:MBNO10 106.8 182.1 223.6 84.3
MHHPA80:MBNO20 103.4 175.1 213.4 80.8
MHHPA70:MBNO30 102.7 173.3 207.2 41.6
MHHPA60:MBNO40 101.8 169.7 203.6 27.4



of MBNO, and can result in resins with higher duc-
tile properties, as demonstrated in the previous sec-
tion of mechanical characterisation.
Once the materials were cured, the Tg amount of
MBNO in the MHHPA:MBNO mixtures increases.
The sample with the highest Tg is MHHPA100 with
a value of 55.1 °C. On the other hand, a significant
decrease in Tg is observed with the addition of
MBNO, with the lowest Tg value being obtained for
the MHHPA60:MBNO40 sample with a value of
46.2 °C. This decrease in Tg after adding MBNO re-
sults in materials with higher ductility. If we compare
these values with those obtained by Boonlert-uthai et
al. [59] when curing a conventional resin from digly-
cidyl ether of bisphenol A (DGEBA), which is
140.2 °C (Table 6), it can then be observed that the
thermoset materials fabricated in this work are sig-
nificantly more ductile.
Furthermore, the thermal stability of the cured mate-
rials was measured. In general, it is observed that the
maximum degradation rate (Tmax) appears at a higher
temperature, which corroborates a greater degree of
crosslinking. Specifically, the Tmax values range be-
tween 334–360°C, with the lowest thermal stability
for materials cured with the 60MHHPA:40MBNO
mixture and the highest stability for those cured with
100MHHPA (Table 6).

3.5. Morphological properties
The analysis using FESEM can complement the me-
chanical study conducted through flexural, hardness,
and Charpy impact tests. The FESEM analysis of the
fracture surface details the deformation patterns and
helps identify whether the fracture is brittle or duc-
tile. In this case, the FESEM analysis provides valu-
able insights into the microstructural characteristics
and failure mechanisms of the materials, enhancing
the understanding of their mechanical behavior and
response. In our particular case, as it is possible to
observe in Figure 8a the EBNO system crosslinked

with a MHHPA shows a smooth and homogeneous
surface, typical of brittle polymers. Adding only
10% of MBNO does not influence the fracture sur-
face, as its impact-absorbed energy is only 2.5 kJ·m–2,
as shown in Figure 8b. The effects of MBNO incor-
poration on fractured surfaces are visible from the
MHHPA/MBNO (80/20) mixture, as can be seen in
Figure 8c where several crack fronts are observed,
which are directly related to the increase in flexibil-
ity. As MBNO increases in the MHHPA/MBNO
crosslinked mixtures, the number of crack fronts in-
creases in both size and number, indicating increased
ductility (Figure 8d). The sample made with 40% of
MBNO is not analysed using FESEM as it does not
break during the impact tests. These results are in
agreement with the mechanical results indicating the
role of MBNO in increasing ductility. Several studies
where the maleinized oil content in the sample is in-
creased show the same morphological aspects and,
therefore, the same effect on mechanical properties,
namely higher ductility [42, 55, 56].

4. Conclusions
For the first time, an EBNO has been used to devel-
op a bio-based thermosetting epoxy resin. To min-
imise petrochemical components, MBNO has been
developed as a curing agent, achieving over 75%
bio-content. The modification of BNO to EBNO has
been optimcharacteriz, resulting in a reduction of the
IV from 102 to 11.6 g I2·(100 g)–1, resulting in an
Oo of 4.22%, similar to some commercially avail-
able EVOs. Analysis by FTIR has confirmed these
two modifications made to BNO, with characteristic
peaks of MBNO (1850 and 1250 cm–1 correspon-
ding to the C=O and C–O–C from maleic bonds pri-
marily) and EBNO (824 cm–1 corresponding to the
epoxy group). FTIR analysis of the cured samples
shows how these bonds tend to disappear because of
the crosslinking of the resin’s three-dimensional net-
work. At the macroscopic level, the bio-based resin
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Table 6. Main thermal parameters obtained by DSC and TGA of cured samples.

Samples
DSC results

Tg
[°C]

TGA results
T5

[°C]
Tmax
[°C]

T90
[°C]

DGEBA 140.20 – – –
MHHPA100 55.1 227.3 360.0 440.1
MHHPA90:MBNO10 52.6 224.7 349.8 422.1
MHHPA80:MBNO20 51.3 227.1 345.1 439.6
MHHPA70:MBNO30 48.8 225.3 341.5 429.5
MHHPA60:MBNO40 46.2 220.9 334.0 433.3



developed using MBNO as a crosslinker results in a
ductile and flexible resin, as evidenced by a decrease
in its flexural strength from 210 to 5.6 MPa and an
increase in its toughness from 1.4 to 6.5 kJ·m2 for a
sample with 30% MBNO. Additionally, at the ther-
mal level, the addition of this new bio-based cross -
linker leads to lower peak temperatures, with a re-
duction of 15°C compared to the use of petrochem-
ical hardeners, which can result in lower energy
costs during the crosslinking process. FESEM images
corroborate the ductile properties of the developed
resins. Finally, based on the obtained results, it can
be concluded that a bio-based thermosetting resin
has been developed using EBNO as matrix and
MBNO as crosslinker, achieving over 75% bio-
based resin. This resin, with high ductile properties,
minimises the risk of impact breakage and rapid
crack propagation, making it a promising thermoset-
ting material for applications where mechanical

stress is low or even for coatings. In future works,
the intention is to study the incorporation of natural
reinforcements (natural fibers) into the optimal resin-
crosslinker formulation to achieve composite mate-
rials with higher stiffness and sustainability.
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1. Introduction
Polymeric micro-and nanostructured fibers capable
of superior interfacial interaction within their work-
ing environment have been gaining prominence
worldwide in applications such as sensing devices
[1–3], air filtering [4–7], wastewater treatment [8–10],
fiber-reinforced plastics [11, 12], protective clothing
[13–15], and tissue engineering [16–27] due to their
high surface area/volume ratio. In this sense, scientists

aware of this tendency must consider the critical
need to reduce plastic waste production while select-
ing these materials by developing new sustainable
polymers and aiming for manufacturing techniques
that make them widely accessible. Under such a sce-
nario, biodegradable biopolyesters are a creative and
intelligent solution to tackle the human urge for sus-
tainable polymeric materials and plastic waste envi-
ronment pressure [28–30].
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Abstract. In this study, we produced poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) fibrous mats via solution blow
spinning (SBS) and evaluated their microstructural properties. We propose here the utilization of the theoretical estimative
of relative viscosity (RV) as an independent variable in a statistical design of experiments (DoE) to account for the polymer’s
molecular weight (Mw) effect on the determination of the diameter and morphology of the fibers. The RV of the solution
(42.3·103–287.4·103) and air pressure – AP (70–140 kPa) were varied. The analysis of variance (ANOVA) indicated that
the increase in RV favored an increment in fiber size and resistance to alignment. Higher AP produced aligned and thinner
fibers with higher crystallinity. The spinnability regions were determined based on the estimated RV of the PHBV solutions
and the AP levels. Fibers were formed at 70 kPa from solutions with RV ranging from 10·103 to 106, while at 140 kPa, from
42·103 to 106. Nanofibers were produced from less viscous solutions (RV = 42.3·103–124.4·103), while microfibers were
produced from solutions with RV = 287.4·103. The developed ANOVA model predicted with good accuracy (R2

adj. = 0.96)
the average diameter of the PHBV fibers produced from the SBS technique using polymers with distinct Mw values, including
those available in the literature data.

Keywords: poly(hydroxy alkanoates), solution blow spinning (SBS), micro-and nanofibers, design of experiments, relative
viscosity
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Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) –
PHBV is one of the most promising biodegradable
polyesters to replace petroleum-based plastics in
terms of performance and reduction of plastic envi-
ronmental impact. PHBV is considered environmen-
tally friendly because of its microbiological origins,
biodegradability, and null toxicity [31]. Additionally,
it has a significant advantage over other polymers
since it can be produced from waste materials and
does not promote soil acidification and water eutroph-
ication, like starch and corn-based biopolymers [32].
Consisting of a linear chain with randomly distrib-
uted methyl and ethyl side groups [30–40], PHBV
has better processability than other hard-to-process
poly(hydroxy alkanoates) (PHA) and mechanical
properties similar to those of high-density polyethyl-
ene (HDPE) and polypropylene (PP) [28–35, 40–42].
Besides, it has well-established applications in the
manufacture of drug delivery systems [19, 34], bio -
absorbable surgical sutures [19], biodegradable im-
plants [19], biosensors [19], porous scaffolds [36–38],
and food packaging [19, 41]. However, since its
processability in the molten state is still inferior to
those from fossil-based polymers, the referred PHA
constitutes a small portion of the world’s bioplastics
production capacity [28, 29]. In this sense, wet-pro-
cessing techniques involving polymeric solutions,
such as electrospinning [16], bubble electrospinning
[43], centrifugal spinning [44], and solution blow
spinning (SBS) [16, 21], have garnered significant
research interest for their potential to expand the
polymer fiber’s production capacity.
Electrospinning, for example, is a widely utilized
method that employs a high electric field to draw a
polymer solution into ultrafine fibers. While it offers
the advantage of producing homogeneous nanome-
ter-sized fibers, it suffers from low production rates
and high energy costs, limiting its suitability for large-
scale applications [16, 21]. Bubble electrospinning
was developed as an alternative approach to address
the production rate limitations by utilizing multiple
bubbles as simultaneous fiber-drawing elements.
However, despite its potential, bubble electrospin-
ning still faces challenges in terms of high produc-
tion costs associated with the demanded energy [43].
Centrifugal spinning, on the other hand, does not re-
quire high voltages since it utilizes centrifugal force
to stretch and eject the polymer solution into fibers,
offering higher efficiency compared to the previous
methods. However, it does lack precise control over

fiber diameter [44]. In contrast, SBS has gained at-
tention for its potential to achieve high productivity
and energy efficiency. This method involves forcing
a polymer solution through a nozzle while subjecting
it to a high-speed gas stream as the driving force for
the fiber formation. Moreover, its integration into
continuous manufacturing processes makes it highly
suitable for large-scale production. Consequently,
SBS stands out as a promising alternative to other
spinning techniques for the production of micro- and
nanostructured mats [45–49].
Several biodegradable polymers, such as polylactic
acid (PLA) [22, 50, 51], polycaprolactone (PCL)
[20], polybutylene succinate (PBS) [52], and cellu-
lose [21], have been used to produce micro- and
nanofibrous non-woven mats. However, since SBS’s
advent in 2009 [53], only two papers have studied
producing fibers from PHBV solutions, being of our
group [54]. Souza et al. [55] presented a controlled
release system of sodium diclofenac through drug
encapsulation in PHBV nanofibers, while Carlos et
al. [54] evaluated PLA and PHBV fiber mats via
SBS encapsulating a bioactive agent system. How-
ever, these studies did not provide relevant statistical
evidence to verify the influence of the processing
variables on the PHBV fibers’ morphology and di-
ameter, nor did they account for the fact that distinct
Mw values from the same polymer can result in dras-
tic variations in the fibrous mats’ characteristics, im-
plying low reproducibility and application restric-
tions to the spun material. For example, Srinivasan
et al. [56] produced beads on string fibers of PMMA
using a weight average molecular weight Mw =
761·103 g·mol–1 polymer. However, the same solu-
tion concentration was not spinnable at the same pro-
cessing conditions when an Mw = 272·103 g·mol–1-
PMMA was utilized.
In brief, solutions are only spinnable in the semi-di-
lute regime with concentrations values above the
overlap concentration (c*). The latter can be esti-
mated by Equation (1), where Mw is the polymer
molecular weight, Rg is the radius of gyration, and
Na is the Avogrado’s number. Above this concentra-
tion, the polymer coils begin to entangle, increasing
the solution viscosity and possibly allowing fiber
formation [48, 49]. Notably, from Equation (1), c*

is not a unique value for a certain polymer/solvent
system since it depends on the Mw. Thus, solutions
of a high-molecular-weight polymer in general,
have a lower c* than a low-molecular-weight one,
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as previously discussed by Srinivasan et al. [56]
(Equation (1)):

(1)

In contrast with the previous paragraph discussion,
works have shown DoE studies for diameter and
morphology prediction using the solution concentra-
tion as a processing variable of the SBS technique,
not accounting for the polymer Mw effect [46, 47].
Even though these studies have found a good pre-
diction capacity over the response variables, their re-
sults are restricted to a specific value of Mw, such as
shown in the work of Srinivasan et al. [56], and do
not solve the reproducibility problem of the spun
biopolymers from natural sources.
According to Gupta et al. [57], the effect of the poly-
mer concentration and Mw on the spinnability of
semi-dilute solution of linear polymers are two faces
of the same coin, called viscosity. These terms relate
to the RV by the power law function shown in Equa-
tion (2), where ηs is the solvent zero-shear viscosity,
η is the solution’s zero-shear viscosity, and υ is the
Flory exponent (0.6 for good solvents). The authors
also observed a strong correlation between the
fiber’s diameter and the relative viscosity (RV) uti-
lizing this power law dependence for the electrospin-
ning technique. Hence, adopting the RV as a process-
ing variable in a DoE instead of the solution concen-
tration seems a promising approach to predict the
SBS-fiber diameter and solve the low reproducibility
problem that biopolymers have (Equation (2)):

(2)

In this sense, this study presents the generation of
PHBV fibrous mats via SBS and its evaluation sup-
ported by a DoE to effectively contribute to a more
efficient SBS process for producing reproducible
micro-and nanofibers from PHBV. Here, we present
a mathematical model developed by the experimen-
tal data collected in DoE using the RV and AP as pro-
cessing variables to predict the fibers’ diameter in
semi-dilute solutions. In addition, the influence of
these variables was also investigated on the fiber ori-
entation and crystallinity. The same solvent (chloro-
form) within the same processing conditions as in
the work of Carlos et al. [54] was used but with dis-
tinct polymer concentrations and Mw to evaluate the

model accuracy for the PHBV-spun material with the
literature data.

2. Experimental section / methods
2.1. Materials
Samples were produced using PHBV with a 3-hy-
droxyvalerate (3HV) content of 2% [30], in powder
form (ENMAT PHBV Resin Y1000P, TianAn Bio-
logic Materials Co., Ningbo, China), gently supplied
by Technische Universität Chemnitz, Germany. Chlo-
roform stabilized with amylene (C2432), 99.5% pu-
rity, was purchased from Sigma-Aldrich, São Paulo,
SP, Brazil.

2.2. Gel permeation chromatography (GPC)
The Mw were determined by gel permeation chro-
matography (GPC) with a Malvern Viscotek GPCmax
chromatograph (Malvern, United Kingdom) equipped
with three columns (Shodex GPC HFIP803, Shodex
GPC HFIP-804 and Shodex GPC HFIP-805, Showa
Denko, Tokyo, Japan). The analyses were performed
in 3 mg·ml–1 solutions using hexafluoroisopropanol
(HFIP) as solvent at 40 °C and with a constant sol-
vent flow rate of 1.0 ml·min–1. A calibration curve
was constructed with poly(methyl methacrylate) stan-
dards (American Polymer Standards, Mentor, USA).

2.3. Fiber production
The SBS system consisted of an air compressor sup-
plied by Schulz (Joinville, Brazil), an analog
manometer to adjust the air pressure, an injection
pump (BSV 700 Flex Pump) provided by Biosensor
(Americana, Brazil) coupled to a 12 ml syringe, an
adapted injection device from core-shell fiber pro-
duction containing co-axial needles [54], and a solid-
static collector. Initially, the solutions of 3, 4, and
5% m/V were prepared by solubilizing the PHBV
(Mw = 953·103 g·mol–1) powder in chloroform under
vigorous stirring at 60 °C. Then, these were submit-
ted to the spinning process using a distance from a
static collector of 30 cm and with the same parame-
ter used by Carlos et al. [54] but spun at 70 and
140 kPa.

2.4. Scanning electron microscopy (SEM)
The morphological analysis of PHBV fiber mats was
performed by the SEM images obtained in a Hitachi
TM3030Plus (Hitachi, Tokyo, Japan) equipment
with a secondary electron detector (SED) at 15 kV.
The fiber diameter was measured using the software
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ImageJ, according to the procedure presented by
Bortolassi et al. [58], with a minimum of 100 mea-
surements for each SEM image. In addition, the
fibers’ orientation distribution was studied following
Carlos et al. [54]. Finally, the alignment index
(AI [%]) was calculated based on the method pro-
posed by Sun et al. [59], utilizing, for each image
analyzed, the vector field generated in the ImageJ
plugin OrientationJ [60]. This method allows quan-
tifying the fiber alignment through an index (AI) that
ranges from 0 (for totally random fibers) to 100 (for
totally aligned fibers) [59].
Three SEM images (n = 3) taken from different re-
gions of a mat produced from a single experimental
condition were evaluated to statistically represent the
fibrous material’s average fiber diameter and orien-
tation [54, 58]. In the case of fiber diameter, more
than 300 measurements were performed on a single
fibrous mat. Additionally, ANOVA occurred utilizing
the calculated average values of diameter and AI for
each image (in triplicate) to increase the statistical
accuracy of the estimated effects.

2.5. Schlieren’s visualization method
The role of AP in fiber morphology was investigated
using Schlieren’s visualization method. This method
allows for visualizing and evaluating the airflow pro-
file as it leaves the injection device at different pres-
sures and inferring how it affects the fiber morphol-
ogy [61]. Figure 1 shows the test apparatus consist-
ing of a point-light source, a biconvex lens of 10 cm
in diameter, a thin razor positioned at twice the focal
distance (f), and a Sony Cyber-Shot DSC-HX100V
(Sony, Tokyo, Japan) camera to capture the images.
The emitted light gets refracted from its rectilinear
path when the airflow passes between the lens and

the razor. If the deviation is large enough, as for the
low-density regions in the airflow profile with a low
refractive index, the razor blocks the light, forming
dark zones in the image [61, 62]. The dashed red
square in Figure 1 shows the test performed with an
aerosol emitter, where light and dark zones can be
seen, related to higher and lower air density regions
in the aerosol flow, respectively.

2.6. X-ray diffraction (XRD)
The crystallographic analysis of PHBV mats was
carried out in a SHIMADZU XRD-6000 diffrac-
tometer (Shimadzu, Kyoto, Japan), using CuKα ra-
diation (30 kV/ 30 mA/ λ = 1,542 Å), scanning from
2° to 50° (2θ), goniometer speed of 2°·min–1 and step
of 0.02°. The sample’s crystallinity index (CI [%])
was determined by Equation (3), where Ac is the in-
tegrated area under the diffraction peaks and Aa is
the integrated area under the amorphous region [37].
Furthermore, the interplanar distance and the crys-
tallite size associated with the (020) and (110) planes
were measured from the X-ray diffractograms em-
ploying the same experimental procedure as Souza
et al. [55] using the software OriginPro 8.5 (Origin
Lab, USA) (Equation (3)):

(3)

2.7. Solutions relative viscosity (RV)
estimation

Equation (2) was employed to estimate the solution’s
RV. To do so, the overlap concentration (c*) values
for each solution were calculated via Equation (1).
Additionally, the radius of gyration (Rg) of the PHBV
molecule solubilized in chloroform was inferred by
converting the measured Mw values according to the
function proposed by Zagar and Kržan [63].

2.8. Statistical evaluation
The experimental data was collected using a mixed
2-and 3-level design to assess the impact of 3, 4, and
5% m/V PHBV (Mw = 953·103 g·mol–1) solutions’
RV (values estimated through Equation (1) and Equa-
tion (2)) and AP on diameter and alignment. In addi-
tion, a 2-level and 2-factor design was employed to
investigate crystallinity. The statistical significance
of the results was determined using analysis of vari-
ance (ANOVA) with a significance level of 5%
(p-value < 0.05) [64]. Table 1 presents the variables
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Figure 1. Schlieren’s visualization apparatus for the airflow
behavior acquisition.



and their levels, where –1, 0, and 1 denote the low-
est, central, and highest levels, respectively. All the
analyses were performed in triplicate (n = 3).
The developed mathematical model for the fibers’
average diameter prediction has the form shown in
Equation (4) and was based on the diameter experi-
mental results collected through the mixed 2-level
and 3-level design used in this work. Where Y is the
response variable, βi (i = 0, 1, 2, 3, 4, and 5) are the
regression coefficients calculated by the ANOVA,
X1 and X2 are the 3-and 2-level independent vari-
ables, respectively, and ε is the random error com-
ponent [46]. In addition, test fibrous mats were pro-
duced using the same experimental procedure
presented in the ‘Fiber’s production’ section and had

their morphology and average diameter measured  to
validate the developed model. For this purpose, solu-
tions with concentrations ranging from 1.5 to 9% m/V
were prepared employing a PHBV with distinct Mw
(501, 672, and 933 103 g·mol–1) (Equation (4)):

(4)

3. Results and discussion
3.1. Injection device configuration and airflow

behavior in the SBS technique
Figure 2a shows the SBS apparatus used in this
study, along with the fibrous mats that adhered on
the collector during production. In the SBS tech-
nique, the polymeric solution is expelled from the
device as a jet and directed toward the collector by
accelerated airflow [45, 48, 49]. When the airflow
hits the static collector, it spreads radially, assisting
the formation of fibers. Figure 2b displays photo-
graphs of the injection device’s nozzles during the
spinning process of the same polymeric solution,
spun at 70 and 140 kPa, respectively. At lower spin-
ning pressures, the jet appears to have a laminar
flow, while a dispersive one with turbulent behavior
is evident at higher pressures. The latter may hinder
the polymer jet’s stability, induce fiber formation with
varying morphologies, and create a return flow [65,
66]. Atif et al. [66] suggested that the convergence
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Table 1. List of the process variables and their levels based
on a mixed 2-and 3-level design.

aSC – PHBV solution concentration;
bRV – PHBV solution relative viscosity;
cAP – air pressure.

Experimental
conditions

SCa

[% m/V]

Independent variables
RVb

(·103)
APc

[kPa]
1 3 (–1) 2.3 (–1) 70
2 3 (–1) 42.3 (1) 140
3 4 (0) 124.5 (–1) 70
4 4 (0) 124.5 (1) 140
5 5 (1) 287.5 (–1) 70
6 5 (1) 287.5 (1) 140

Figure 2. Airflow profile influence on the SBS technique: a) the SBS apparatus, the fibrous mats production, and injection
device scheme; b) the polymeric jet near the nozzles photographed right after the spinning process started at 70 and
140 kPa; c) Schlieren’s images of the nozzle tip at 70 and 140 kPa; d) material deposition and nozzle clogging.



of airflows in the low-pressure regions near the noz-
zles results in turbulence in the air motion, increas-
ing in intensity with the released gas’s velocity.
Figure 2c presents images obtained using Schlieren’s
method at the injection device’s nozzle (right) with-
out polymeric solution injection and with color fil-
ters (left) for enhanced visualization to support the
previous discussion. It is possible to observe in
Figure 2c lighter zones near the external and internal
needle surfaces immediately after gas release, indi-
cating denser air regions [61, 67]. Clearly, AP de-
creases significantly at the device’s nozzles, creating
dark, lower-density, triangular-shaped regions that
cause airflow convergence to the nozzle, as predict-
ed by Lou et al. [65]. This phenomenon allows the
gas to increase its kinetic energy by conserving the
energy lost by the drop in AP, generating the neces-
sary driving force for solution ejection and polymer
jet formation. However, contrary to what was report-
ed by Lou et al. [65], up to three low-pressure zones
were observed due to the injection device’s config-
uration (adapted from a core-shell one) used in this
work. The device has two concentric nozzles instead
of one evaluated in the simulation presented by the
authors. The low-density (dark) zones are more in-
tense at pressures of 140 kPa than those of 70 kPa,
which are difficult to observe with the adopted cam-
era’s resolution. For example, the injection device
scheme shown in Figure 2a was created based on
adapted literature simulations [65, 66], following the
different density regions confirmed by the Schlieren
images. This scheme clarifies the previous discus-
sion by illustrating the opening for the air nozzle,
the needles, and the airflow profile. Figure 2d evi-
dences the return flow effect within the low-pressure
zones at spinning pressures of 140 kPa. Notably, the
needle’s nozzle was entirely clogged in just 120 s
due to the material deposition carried by the return
flow, substantially reducing the SBS technique’s
productivity.

3.2. Processing parameters effect on the fiber
morphology

Table 2 presents the estimated values of the radius
of gyration (Rg), overlap concentration (c*), and rel-
ative viscosity (RV) for the solutions used in this
work’s DoE samples, the test samples, and the work
by Carlos et al. [54]. The estimated RV values fall
within the range of experimentally observed values
for semi-dilute PHBV solutions in chloroform, as

reported by D’Haene et al. [68]. As expected, the
results in Table 2 indicate that RV increases with the
concentration of PHBV, which is associated with the
number of entangled molecules in the solution [45].
Additionally, Table 2 shows that solutions with the
same polymer content result in different RV values
for varying Mw.
Equation (1) and Equation (2) demonstrate that the
above-mentioned influence of polymer Mw on the
estimated RV values derives from the radius of the
enovelled chain represented by Rg [56]. In summary,
higher Rg values increase the likelihood of chain col-
lisions and overlapping in solution, leading to the
formation of molecular entanglements [45, 56]. Con-
sequently, the increase in molecular interaction for
polymers with higher Mw reduces the onset concen-
tration for the polymeric chains to overlap (c*). There-
fore, since RV grows exponentially with the c/c*

ratio, as seen in Equation (2), a larger c* corresponds
to a significantly lower RV [56]. For example, in
4% m/V solutions, c* ranges from 0.25 to 0.17% m/V
for PHBV Mw values of 501·103 and 953·103 g·mol–1,
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Table 2. Estimate values of radius of gyration – Rg [nm],
overlap concentration – c* [% m/V], and relative
viscosity – RV.

ac – PHBV solution concentration.

ca

[% m/V]
Rg

[nm]
c*

[% m/V] c/c* RV
(·103)

This work design of experiment (DoE) samples 
(Mw = 953·103 g·mol–1)

3 60 0.17 17.13 42.3
4 60 0.17 22.84 124.4
5 60 0.17 28.55 287.4

Test samples (Mw = 953·103 g·mol–1)
.01.5 60 0.17 08.57 3.1

2 60 0.17 11.42 9.2
.02.5 60 0.17 14.27 21.3

Test samples (Mw = 672·103 g·mol–1)
3 46 0.27 10.94 7.8
4 46 0.27 14.59 23.1
5 46 0.27 18.24 53.5
6 46 0.27 21.88 106.0
7 46 0.27 25.53 189.0
8 46 0.27 29.18 311.8
9 46 0.27 40.27 1043. 0

Test samples (Mw = 501·103 g·mol–11)
4 43 0.25 15.98 3.2
6 43 0.25 23.98 149.3
8 43 0.25 31.97 439.3

Carlos et al. [54] (Mw = 170·103 g·mol–1)
100 28 0.31 32.38 460.8



respectively, resulting in corresponding RV values of
32.6·103 and 124.5·103. Thus, it is evident that
changes in polymer Mw result in significant varia-
tions in solution rheology and should be taken into
account in the DoE rather than solely considering the
material concentration.
Figure 3 presents the SEM images of the produced
PHBV mats spun from solutions with varying vis-
cosities (9.2·103, 42.3·103, 124.4·103, and  287.4·103)
and at different air pressure – AP (70 and 140 kPa)
to demonstrate the effect of processing parameters
on the mats’ morphology. At RV = 9.2·103, the solu-
tion forms fibers with many spherical structures
known as beads when spun at 70 kPa. According to
Dias et al. [49], this type of morphology is charac-
teristic of low-viscous solutions, where the polymer-
ic chain does not form enough entanglements to main-
tain fiber dimensional stability. As a result, there is
sufficient mobility in the chains to form spherical
structures with lower surface energy. However, at
140 kPa, cast films form along with the beaded
fibers. In these circumstances, the air drag and turbu-
lence of its flow provide instabilities in the still-liq-
uid jet, breaking up the polymeric filament and form-
ing a ‘blown spray’ deposited as a cast film [45].
For RV = 42.3·103 at 70 kPa, fibers were formed
within a smaller amount of beads. In these condi-
tions, the airflow turbulence effect generates a wave-
like bending motion in the polymer jet, which pro-
vides filament thinning, aids in solvent evaporation,
and deposits bent fibers in the collector [49, 69]. Be-
sides the beads, fiber bundles tend to appear at

140 kPa recurrently from the simultaneous formation
of different polymeric jets due to airflow turbulence
near the nozzle. PHBV solutions with RV = 124.4·103

exhibit the same behavior, where a considerable
amount of fiber bundles was reported, especially at
higher pressures [45, 49].
At RV = 287.4·103, the polymeric jet proved stable
enough to form beaded-free fibers with controlled
morphology when spun at 70 kPa. This finding sup-
ports the discussion presented by Dadol et al. [48],
where increasing viscosity promotes bending-resis-
tant polymeric jets, improving their stability and fa-
voring the formation of non-bent stretched fibers
without beads. However, the same solution present-
ed a few beads when spun at 140 kPa concerning the
airflow turbulence effect on the polymer jet.
Figure 4 displays a log-log plot of RV versus the c/c*

within the semi-dilute regime (where c represents the
solution concentration) based on the results present-
ed in Table 2. According to the estimated values of
PHBV solutions RV and the AP levels, it is possible
to determine the regions of spinnability and the fiber
morphology. This determination was based on the
morphological analysis discussed above (Figure 3)
and the one performed over the fibers spun from the
different solutions listed in Table 2 (including the
analysis performed by Carlos et al. [54]). The results
(Figure 4) suggest that a semi-dilute PHBV solution
in chloroform can be classified into four different re-
gions according to its spinnability regime. These re-
gions are classified as follows: not spinnable – unen-
tangled (I), spinnable – beaded fibers (II), spinnable
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Figure 3. Fibers mat’s morphology evaluation from PHBV solution with distinct RV and spun at 70 and 140 kPa. Yellow
dotted region – cast film; yellow arrows – bent fibers; red dotted region – fiber bundles; red arrows – beads.



– beads-free fibers (III), and not spinnable – concen-
trated (IV) [57].
The solution is not spinnable in Region (I), even 
above c* (the onset concentration to the entangle-
ments formation). In this case, the polymeric chains 
do not sufficiently entangle to sustain the liquid fil-
ament shape stability over the air drag stresses in the 
air/solution interface [48, 54, 57], considering the AP 
interval evaluated in this work. Increasing the solu-
tion RV and going to Region (II), the number of en-
tanglements allows the fiber formation, but with 
spherical structures associated with it, as discussed 
above [49, 69]. In Region (III), beads-free fibers are 
formed since the number of entanglements in more 
viscous solutions restricts the relaxation movements 
in the polymeric chain that allow the bead’s forma-
tion [48]. Finally, in Region (IV), the solution enters 
the concentrated regime, not being spinnable any-
more, as the air drag does not overcome the solu-
tion’s cohesive forces. In this case, the solution 
droplet ejected from the injection device does not 
form a polymeric jet. Instead, it evaporates while still 
in the needle, clogging the nozzle and impeding the 
spinning process [48, 56].
Besides the previous discussion ascertaining the RV 
effect on the spinnability interval, it was also ob-
served in Figure 3 that the morphology of the mat is 
also affected by the AP level utilized. For instance, 
when the solution RV is around 9·103, the polymer 
jet breaks up, forming a spray in 140 kPa [69, 70]. 
On the other hand, reducing the AP allows for the 
formation of fibers with some beads. This occurs be-
cause the air drag exerts forces on the liquid poly-
meric filament, attempting to deform it by stretching 
the polymeric chains until it breaks. The viscosity of 
the solution provides resistance to these stretching

movements, affecting the behavior and stability of
the jet [48, 54, 57]. In this regard, Figure 4 shows
the different limits of the spinnability region for so-
lutions spun at 70 kPa (indicated by black dashed
lines) and 140 kPa (indicated by red dashed lines)
based on the experimental data obtained.
Figure 4 illustrates that at 70 kPa, solutions are not
spinnable for values of RV < 10 000 (Region (I)).
Notably, the Region (I) upper limit shifts from RV ~
10 000 to 40 000 for 140 kPa, increasing the mini-
mum amount of entanglements to enable the spin-
ning process. In Region (II), the solution starts being
spinnable but with beads due to the chain mobility
effect discussed previously. At RV ~ 290·103, in the
vicinity of Region (III) for solutions spun at 70 kPa
fibers without beads were formed [45, 48, 49]. How-
ever, the airflow turbulence effect at 140 kPa shifts
the upward limit of Region (II) to RV ~ 400·103. Fi-
nally, for RV ~ 106 (in Region (IV)), the resistance
to solution deformation in a polymeric jet was too
high, which hindered the fiber formation because the
solution entered the concentrated regime [48, 49].
Note that the Region (IV) onset RV values for the so-
lutions spun at 70 and 140 kPa are pretty much close
to each other, possibly indicating that this spinnabil-
ity limit is insensitive for AP variation (for the levels
analyzed in this study), being governed by the vis-
cosity increase in the transition between the semi-di-
lute to the concentrated regime.
Through the adopted approach for determining the
morphology of the fibers, it was also possible to pre-
dict the morphology of the fibers produced in the
work of Carlos et al. [54]. According to the estimat-
ed RV values based on the solution utilized in their
work (RV = 460·103), the morphology should fall
within the range of Region (III) for beaded-free
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Figure 4. Viscometric analysis of the different PHBV solutions over its spinnability regions based on the estimated RV values
as a function of the c/c*.



fibers. In fact, the authors found that using a
10% m/V solution of PHBV (Mw = 170·103 g·mol–1)
spun at AP = 165, 209, and 295 kPa (>140 kPa),
PHBV fibers with a few defects could be produced,
supporting the effect of RV and AP on the morphol-
ogy determination.

3.3. Processing parameters effect on the fiber
diameter

Figure 5 shows the diameter distribution histograms
of each experimental condition evaluated in this
work. The histograms embrace all the measurements
made in a single fibrous mat, accounting for the dif-
ferent SEM images and totalizing more than 300
measurements. The average values in Figure 5 rep-
resent the average diameter of all the fibers analyzed
in an experimental condition. The beads were dis-
carded for fiber diameter measurements.
According to Figure 5,  higher levels of solution vis-
cosity lead to the formation of thicker fibers with
greater diameter dispersion. This can be explained
by the fact that a higher quantity of molecular entan-
glement in more viscous solutions makes it difficult
for the polymeric chains to stretch and form thinner
fibers [46, 47]. In addition, the formation of a more
stable jet at higher viscosities with no bending
movement, which would normally cause the poly-
meric filament to thin, results in larger diameters
[66]. For example, nanometric fibers of 590 nm
could be obtained at 70 kPa for a PHBV solution

with RV = 42.3·103, while micrometric fibers of
1790 nm were obtained with RV = 287.4·103. How-
ever, to overcome the polymer molecular interac-
tions at higher concentrations, higher airflow shear
forces are necessary, allowing the formation of
fibers with smaller diameters and low deviation
[66]. This effect was observed in fibers spun at
140 kPa, which had a reduced diameter compared
to those spun at 70 kPa. For example, PHBV fibers
from solutions of RV = 42.3·103 reduced their diam-
eter by 27%, from 590 nm to 428 nm, when higher
air pressure was used.
The results obtained from an ANOVA analysis
through the mixed 2-and 3-level design support the
earlier discussion. The linear effect of viscosity –
RV(L) was found to be the most significant factor in
increasing the average diameter (p-value = 8.5·10–10).
Additionally, the linear effect of pressure – AP(L)
was statistically significant (p-value = 0.0065),
demonstrating the impact of airflow on fiber thin-
ning. However, the linear interaction factor between
AP and RV (1(L)by2(L)) did not significantly affect
the fiber diameter (p-value = 0.92), indicating that
changes in air pressure from 70 to 140 kPa do not
depend on the viscosity levels examined in this
study. Furthermore, the quadratic term of viscosity -
RV(Q) (p-value = 0.72) and its interaction factor did
not have a significant influence – 1(Q)by2(L)
(p-value = 0.66), indicating no quadratic relationship
between solution viscosity and diameter.

L. G. Rabello et al. – Express Polymer Letters Vol.17, No.12 (2023) 1239–1256

1247

Figure 5. Measured fiber diameters and fiber diameter distribution histograms varying the PHBV solution RV and AP.



Based on the regression coefficients calculated
through the ANOVA analysis, a strong correlation
(R2 = 0.9627 / R2

adj. = 0.9574 ) was observed between
the experimental data for the average diameter and
the values predicted by the mathematical model pre-
sented in Equation (5). Specifically, Y denotes the
average diameter [nm], X1 represents the RV, and X2
stands for the AP [kPa]. The model, a reduced ver-
sion of the one presented in Equation (4), excluded
the non-influential factors, such as RV(Q), 1(L)by2(L),
and 1(Q)by2(L). Therefore, the regression coeffi-
cients β3. β4, and β5, (shown in Equation (4)) corre-
lated to each of those non-influential factors that
were considered null. Additionally, the model indi-
cates normality in the error term, and the variation

of the predicted values from the experimental con-
sequences implies no systematic bias [46, 71]. As a
result, Figure 6a displays the surface response plot
generated based on the developed model for diame-
ter prediction (Equation (5)):

(5)

Figure 6b depicts the trend of predicted values versus
experimental values, where the majority of experi-
mental points overlap with the line of predicted val-
ues, affirming the accuracy of the model (Equa-
tion (5)). Therefore, to evaluate the model’s predictive
capability for the average diameter of PHBV fibers,
Table 3 presents test samples produced from different

. . .Y X X575 11 2 59 0 0042 1$ $= - +
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Figure 6. Comparison between the ANOVA models for PHBV fiber diameter prediction: a) response surface plot of diameter
and b) predicted fiber diameters against experimental values from the DoE using RV and AP as independent vari-
ables; c) response surface plot of diameter and d) predicted fiber diameters against experimental values from the
DoE using SC and AP as independent variables.



Mw with varying RV and AP values. Almost all ex-
perimental average diameters of the samples align
with those predicted by the model within their respec-
tive predictive intervals (95% prediction band). Ad-
ditionally, the model was also successful in predicting
the fiber diameter from Carlos et al. [54] work.
A quadratic model was generated using PHBV solu-
tion concentration (SC) instead of RV, considering
only the significant factor that provided the highest
R2

adj. value (0.9548) based on the DoE to compare
their effectiveness as independent variables in pre-
dicting the fibers’ average diameter. The response sur-
face plot in Figure 6c evidences the quadratic depend-
ence of the average diameter with SC in the generated
model. However, most of the test samples with vary-
ing Mw, including those from Carlos et al. [54] study,
lie far outside the 95% prediction band, as shown in
Figure 6d, which compares the predicted with the ex-
perimental values. These results suggest that concen-
tration may not be the most suitable variable in a DoE
for predicting SBS-fiber diameter, as it does not ac-
count for the impact of polymer Mw variations.

3.4. Processing parameters effect on the fiber
orientation

In addition to changes in diameter, the AP and RV
are responsible for the fiber’s orientation. The air in
contact with the solid and static collector spreads in
the radial direction, promoting the fibers to align to-
wards the direction of their scattering [10]. The de-
gree or amount of this alignment depends on the re-
sistance that the polymer jet promotes to deform in
the airflow direction. In other words, the stability of
the jet is also responsible for reducing the degree of
the alignment of the fibers deposited in the collector
[45, 66].
Having said that, in order to evaluate the influence
of the processing variables on the fiber alignment,
the SEM images were subjected to orientation dis-
tribution and alignment analysis using the Orienta-
tionJ plugin from ImageJ software [54, 59, 60]. The
results shown in Figure 7a were obtained through
orientation distribution curves, varying the fibers’
orientation angles from –90° to 90°, while Figure 7b
presents the calculated alignment index (AI) values.
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Table 3. Average diameter predicted values [nm].

aPredicted values based on the ANOVA model using the RV;
bPredicted values based on the ANOVA model using SC.

SC
[% m/V]

RV
[103]

AP
[kPa]

Predicted diameter valuesa

[nm]
Predicted diameter valuesb

[nm]
This work DoE samples (Mw = 953·103 g·mol–1)

3 42.3 70 592 601
3 42.3 140 411 420
4 124.4 70 976 962
4 124.4 140 795 781
5 287.4 70 1737 1742
5 287.4 140 1556 1561

Test samples (Mw = 953·103 g·mol–1)
2 9.2 70 437 659

.02.5 21.3 70 494 578
Test samples (Mw = 672·103 g·mol–1)

4 23.1 70 502 962
5 53.5 70 644 1742
6 106.0 70 890 2942
7 189.0 70 1277 4560
8 311.8 70 1851 6598

Test samples (Mw = 501·103 g·mol–1)
4 32.6 35 637 1053
6 149.3 35 1183 3032
8 439.3 35 2537 6688

Carlos et al. [54] (Mw = 170·103 g·mol–13 g·mol–1)
100 460.8 165 2302 11 685
100 460.8 207 2193 11 576
100 460.8 290 1978 11 361



Color maps were produced to visualize the orienta-
tion distribution of the fibers in the mats [60]. In
fibers produced from solution with RV = 42.3·103

and 124.4·103, the deposition angle was shown to be
influenced by the effect of AP. At 70 kPa, such fibers
did not show a preferential orientation, with a dis-
persed orientation distribution and average AI values
of 60 and 63, respectively, indicating the formation
of more random fibers. However, at 140 kPa, the
mentioned fibers showed a preferential alignment,
as can be seen in the orientation peaks close to 0°
and new AI of 71 and 66%, respectively. On the
other hand, for  RV = 287.4·103 the effect of poly-
meric entanglements promoted resistance to align-
ment despite the air pressure value. When spun at
70 kPa, the fibers were deposited more randomly,
while at 140 kPa, there was no formation of a single

orientation peak, but a more distributed curve with 
up to 3 peaks between –50° and 50°. The ANOVA 
results based on the AI response values indicated that 
the drag force generated by the AP(L) is the most sig-
nificant factor for the alignment of the fiber (p-value = 
0.0003), followed by the RV(L) (p-value = 0.0027), 
corroborating with the previous discussion. In addi-
tion, the 1(L)by2(L) was also influential (p-value = 
0.0063), endorsing that the polymeric jet stability in 
more viscous solutions decreases the air drag align-
ment at higher AP levels. Finally, the RV(Q) also 
proved marginally influential (p-value = 0.0233). 
Thus, this work presents the possibility of obtaining 
PHBV fibers oriented in the radial direction using a 
solid and static collector, controlling the degree of 
this orientation through air pressure and PHBV con-
centration.
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Figure 7. Fiber orientation analysis: a) mat’s orientation distribution curves, and b) fibers AI response values.



3.5. Mats’ crystalline analysis
Figure 8 presents the normalized X-ray diffracto -
grams of the produced mats and the neat PHBV
powder. Characteristic peaks of PHBV are observed
for all samples at 2θ around 14°, 17°, 22°, 23°, 26°,
27°, and 30°, which correspond to the planes (020),
(110), (101), (111), (121), (040), and (002), respec-
tively. These peaks refer to the helix conformation
of the PHBV chains organized in an orthorhombic
crystal lattice (α-form) [72]. For the samples spun at
140 kPa and the neat PHBV, it was possible to ob-
serve a crystalline peak at 20.5°, referring to the
β-form of the planar zig-zag conformation. Accord-
ing to Mottin et al. [73], the β-form depends on
greater forces that induce the stretching and align-
ment of the polymeric chains to trap them in the pla-
nar zig-zag conformation. In addition, the β-form is
correlated with the fibers’ alignment [73], corrobo-
rating with the results observed for the AI (Figure 7).
Therefore, the spinning pressure of 140 kPa favored
the formation of the β-form in the PHBV mats crys-
talline lattice, which disappeared for the 70 kPa-spun
samples compared to the neat material.
The effect of the spinning process parameter varia-
tions on the shape of the diffractograms’ peaks that
correspond to the (020) and (110) planes was evalu-
ated using the interplanar spacing (d) and crystallite
size (D). Figure 9a contains the measured values for
d of the orthorhombic structures corresponding to
the (020) and (110) planes. As can be seen, both d020

and d110 did not show significant variation after the 
spinning process compared to the neat material 
(p-value > 0.05). They also remained insensitive to 
changes in processing parameters such as AP and RV, 
indicating a non-significant variation in the position-
ing of the crystalline peaks. Similar results were ob-
served in the study by Souza et al. [55], where the 
type of processing undergone by PHBV did not alter 
the d-spacing for the same analyzed planes. 
Figure 9b presents the values of D for the peaks cor-
responding to the (020) and (110) planes. D was sig-
nificantly reduced after the spinning process com-
pared to the neat material (p-value < 0.05) associated 
with the rapid evaporation of the material during the 
solution blow spinning process and corroborated by 
the peaks broadening [55]. Similarly, D110 and D020 

were affected by the levels of AP applied. Higher 
spinning pressures resulted in smaller crystalline 
structures for both (020) and (110) planes. However, 
an increase in viscosity led to the formation of larger 
crystals, narrowing the crystalline peaks. In the case 
of the mats produced under the M3 condition, a 
shoulder could be perceived in both analyzed planes 
(Figure 9c), indicating two different crystallite sizes. 
Therefore, two measurements were performed for 
this condition, as shown in Figures 9a and 9b as 
M3(1) and M3(2). The d-spacing and the crystal size 
followed the above-described trends for both cases. 
Figure 9d shows the calculated values for the mats 
and neat PHBV crystallinity index [%] from the in-
tegrated area below the crystalline peaks. Notably, 
the SBS process is responsible for reducing the 
fibers’ crystallinity since the neat polymer obtained 
a CI [%] equal to 77.4, higher than those from the 
produced mats (p-value < 0.05). This effect is con-
sistent with the literature since the fibers undergo 
rapid solidification during their trajectory to the col-
lector in the SBS process, as exemplified in Figure 9e. 
Consequently, the degree of organization of the crys-
talline phase chains is reduced compared to the neat 
material [55].
ANOVA results for the CI [%] response indicate that 
the spinning conditions are significant for the spun 
material crystallinity. CI [%] is reduced with increas-
ing RV(L) (p-value = 2.4·10–7) due to the restriction 
to chain movement into an organized crystalline lat-
tice by the effect of the entanglements during solid-
ification. Higher AP(L) levels were responsible for 
the increase in CI (p-value = 0.0017), probably relat-
ed to the formation of β-form. The 1(L)by2(L) factor
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Figure 8. Mats’ and neat PHBV’s normalized X-ray diffrac-
tograms. M1 – mats spun at 70 kPa from solutions
with RV = 42.3·103; M2 – mats spun at 140 kPa
from solutions with RV = 42.3·103; M3 – mats
spun at 70 kPa from solutions with RV =
287.4·103; and M4 – mats spun at 140 kPa from
solutions with RV = 287.4·103.



proved marginally significant (p-value = 0.030),
suggesting that the less-viscous (RV = 42.3·103 so-
lutions are more susceptible to crystallization during
the fiber formation at higher pressures than more vis-
cous solutions (RV = 287.4·103). Finally, these re-
sults suggest that above some limit air velocity,
which still must be studied, the PHBV amorphous
phase tends to get re-oriented induced by air drag
forces, increasing the CI [%], even though the fast
solidification process significantly decreases the ma-
terial crystallinity.

4. Conclusion
PHBV fibrous mats were produced via SBS and had
their diameter, morphology, orientation, and crys-
tallinity evaluated through a systematic study of the
processing variables. In this study, we proposed the
utilization of the theoretical RV as an independent
variable instead of the solution concentration to ac-
count for the polymer’s Mw variation effect on the
mat’s properties. The ANOVA results showed that
the increase in the RV favored the formation of
thicker fibers (p-value = 8.5·10–10) with lower AI

(p-value = 0.002) and CI [%] (p-value = 2.4·10–7)
values. Higher AP levels contributed to thinner
(p-value = 0.0061) and more aligned fibers
(p-value = 0.0001). The chain’s stretching driven by
air drag at 140 kPa increased the crystallinity
(p-value = 0.0017) due to PHBV β-phase formation.
Schlieren’s visualization method was innovatively
utilized for an SBS system with co-axial needles to
visualize the airflow profile as it leaves the injection
device at different pressures. It was possible to infer
by the low-and high-density zones seen by
Schlieren’s method that the airflow at 70 kPa was
more laminar when compared to 140 kPa, turbulent.
The latter induced the formation of fiber bundles and
beads. Based on the estimated RV and AP levels, it
was also possible to identify the regions where spin-
ning is feasible and determine the morphology of the
fibers produced. Defect-free fibers could be obtained
in RV = 290·103–106 at 70 kPa, while for 140 kPa,
between 400·103 and 106. The developed ANOVA
model demonstrated good predictive capacity
(R2

adj. = 0.96) over the average diameter of PHBV
fibers produced by the SBS technique, even when
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Figure 9. Mats’ and neat PHBV’s crystalline analysis: a) interplanar spacing [Å], b) crystallite size [Å], c) M3 mat’s crys-
talline peaks deconvolution, d) crystallinity index values [%], and e) fibers solidification scheme. M1 – mats spun
at 70 kPa from solutions with RV = 42.3·103; M2 – mats spun at 140 kPa from solutions with RV = 42.3·103;
M3 – mats spun at 70 kPa from solutions with RV = 287.4·103; and M4 –  mats spun at 140 kPa from solutions
with RV = 287.4·103. *p-value < 0.05.



polymers with distinct Mw values were utilized.
Overall, fibers with diameters varying from 428 to
989 nm were produced from PHBV solutions with
RV = 42.3·103–124.4·103, while microfibers (1.56–
1.99 μm) from solutions RV = 287.4·103. Finally, the
morphology and diameter determination presented
in this work via the theoretical RV estimate, aligned
with a low-cost processing technique like SBS, make
PHBV an attractive biodegradable material for sev-
eral applications, especially those where the repro-
ducibility in the microstructural properties directly
affects its efficiency.
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1. Introduction
Polyvinyl alcohol (PVA) is a type of water-soluble
and biodegradable polymer that is commonly used
in fields such as textile, medicine, and architecture,
to name a few [1–3]. PVA fibers are usually prepared
through a wet-spinning technique, which generates
a large amount of industrial wastewater [4, 5]. As a
comparison, melting-spinning shows a higher spin-
ning efficiency, and organic solvents are avoided
during spinning. However, a large quantity of hy-
droxyls in PVA molecules forms strong intra/inter-
molecular hydrogen bonding. This makes PVA lose
its thermoplastic processing window.
On the other side, thermoplastic PVA (TPVA) was
desirable to be used as a ‘sea’ polymer to prepare
sea-island fibers in industry. The involved sea-island
fibers would be split into ultra-fine fibers through an
energy-saving and efficient water-reduction process

[6, 7]. Nevertheless, there are rare reports on re-
search or industrial practice to our best knowledge.
Ultra-fine fiber is generally defined to have a diam-
eter of less than 0.55 dtex. Owing to small fineness,
the rigidity of fiber decreases exponentially, and the
specific surface area of fiber increases [8, 9]. Corre-
sponding textile products normally show a novel
softness and excellent absorption or filtration prop-
erties [10–12].
The thermoplastic modification of PVA could be re-
alized via a chemical copolymerization or physical
blending. The former method introduces a second
monomer to break the macromolecular tacticity of
PVA. It will reduce the crystalline degree as well as
the melting temperature of PVA [13, 14]. The latter
strategy is more frequently reported owing to a facile
operation and higher production. The addition of
plasticizers with polar functional groups, such as
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polyols [15], is one of the most effective methods to
improve the thermoplastic processing property of
PVA. Generally, various plasticizers, such as glyc-
erol or water, are blended with commercial PVA pel-
lets in a screw extruder. This will reduce inter-mol-
ecular interaction between PVA molecules. The
melting temperature of PVA usually decreases, gen-
erating a proper thermoplastic processing window
[16]. Xu et al. [17] prepared a pseudo-ionic liquid as
a plasticizer to modify the thermoplastic behavior of
PVA. The cations, anions, and hydrogen bond accep-
tors in the plasticization system formed stronger hy-
drogen bonds with the hydroxyl groups of PVA.
Melt-spun PVA fibers with smooth surfaces and uni-
form cross-sections were prepared. However, the
content of plasticizer is usually higher than 30 wt%,
which will significantly decrease the crystalline abil-
ity of PVA fiber. In addition, owing to the evapora-
tion behavior, the plasticizer is easy to migrate dur-
ing melt-spinning, affecting the rheological property
of TPVA [18]. How to reduce the usage doge of plas-
ticizers and meanwhile maintain their spinnability
are urgent problems for TPVA.
Poly (lactic acid) (PLA), with good biodegradabil-
ity, has become one of the most popular materials
in some fields, such as tissue engineering, scaf-
folding, and packing [19–21]. PLA fiber and cor-
responding textiles raise great interest as a
biodegradable candidate for realizing carbon neu-
tralization. In this study, two types of polyols were
mixed in different proportions to make a com-
pound plasticizer that was used to prepare TPVA.
The influence of plasticization on the thermal
properties of PVA and hydrogen bonding interac-
tion was studied. In addition, PVA-PLA sea-island
fibers were prepared, and corresponding PLA su-
perfine fibers were obtained after water splitting.
It is of significant importance to promote the effi-
cient and green splitting of sea-island fibers during
the making superfine fibers.

2. Experimental
2.1. Materials
Polyvinyl alcohol (PVA, trademark 098-05) pellets
were supplied by Anhui vinylon factory of Sinopec
Co. Ltd. (Wuhu, China). Sorbitol ether (SE) and
neopentyl glycol (NPG) were purchased from Al-
addin Agent Co. (Shanghai, China). Polylactic acid
(PLA) pellets were brought from Fengyuan Co. Ltd.
(Bengbu, China).

2.2. Thermoplastic modification of PVA
The raw PVA was plasticized using SE and NPG. The
content of the plasticizer was 6 wt%, respectively.
SE/NPG (A/B) proportion was 4:1, 2:1, 1:1 and 1:2,
respectively. The details are included in Table 1. All
components were homogeneously blended and then
matured for 2 h at 80°C. A twin-screw (RXT2, Ruiya,
Nanjing, China) with a diameter of 25.4 mm, L/D
ratio of 40, and a speed of 250 rpm was employed.
The processing temperature was controlled at differ-
ent zones of the extruder to obtain an ascending tem-
perature profile from 110 to 190 °C. Those prepared
granule were named thermoplastic PVA (TPVA).
TPVA obtained by adding a single component of SE
(A) or NPG (B) were set as blank samples.

2.3. Preparation of PVA and sea-island
PVA/PLA pre-oriented yarn

The prepared TPVA granule and PLA pellets were
dried at 90°C in a vacuum oven for 24 h before melt-
spinning, respectively. The spinning of TPVA was
conducted in a single-screw spinner. After undergo-
ing temperature ascending in the extruder in different
zones (210, 215, 220, 225, 230°C), the melt was ex-
truded from the spinneret with 48 filaments. The
spinning speed was set as 1000 m/min. The sea-is-
land spinning was conducted on a conjugated bicom-
ponent spinning machine (Fangchen, Zhibo, China).
TPVA was used as a ‘sea’ ingredient in extruder A
(210, 215, 220, 225, 230°C). PLA (‘island’ polymer)
was sequenced out by extruder B (205, 210, 220,
230, 235°C). The temperature of the die was set as
235°C. The sea/island component mass ratio was set
as 3:7. The rolling speed was set as 1000, 1200,
1500, and 2000 m/min, respectively.

2.4. Characterization
Molecular dynamics simulation was carried out using
the Gromacs-4.6.7 software package. The details
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Table 1. The components’ ratio setting of each sample gran-
ule.

Sample ID PVA
[wt%]

SE
[wt%]

NPG
[wt%]

1:1 94 3 3
2:1 94 4 2
4:1 94 4.8 1.2
1:2 94 2 4
A 94 6 0
B 94 0 6



were described as follows. Two cubic boxes were
built. One contained 100 chains of pure PVA. The
other one was put in 100 PVA chains and 300 sorbitol
ethers to get TPVA. The PVA was simulated at a tem-
perature of 698 K and a pressure of 100 bar for 5 ns
to enable the polymer chain to relax sufficiently. The
equilibrium structure was then simulated at 298 K,
1 bar for 10 ns. All the all-atom MD simulations were
based on a general AMBER force field with re-
strained electrostatic potential (RESP) charges [22].
The system was a relaxed liquid configuration at
298 K. We used the relaxed system as a starting con-
figuration. As it is prior to system relaxation MD,
energy minimization was carried out with a compos-
ite protocol of steepest descent using termination gra-
dients of 100 J/(mol∙nm). The particle Mesh-Ewald
method [23] was used to compute long-range elec-
trostatics within a relative tolerance of 1·10–6. A cut-
off distance of 1nm was applied to real-space Ewald
interactions. The same value was used for van der
Waals interactions. The Library of Integrated Net-
work-Based Cellular Signatures (LINCS) algorithm
[24] was applied to constrain bond lengths of hydro-
gen atoms. A leap-frog algorithm was used with a
time step of 2 fs.
The prepared TPVA granules have undergone a se-
ries of characterizations. Fourier Transform Infrared
Spectroscopy (FTIR) spectra were recorded using a
Nicolet iS50 spectrometer (Thermo Fisher Scientif-
ic, USA) with 30 scans in the 4000 to 400 cm–1

range at room temperature. X-ray diffraction (XRD)
analysis was conducted using a D8 Discover model
X-ray diffractometer (Bruker, Germany) in the range
of 2θ = 5–40° at 40 kV and 30 mA of Cu Kα radia-
tion. Differential scanning calorimetry (DSC) pat-
terns were recorded on an equipment Model 200F3
(Netzsch, Germany). A 10 mg specimen was heated
from 30 to 250°C at a ramp rate of 10°C/min. Ther-
mogravimetric analysis (TGA) is conducted on the
STA449F3 thermal analyzer (Netzsch, Germany). The
sample was heated at 10°C/min from 30 to 800°C
under N2 atmosphere. The thermal oxidation prop-
erty of prepared TPVA was evaluated by holding
TPVA at 230 or 250°C for 10 min in a TGA test in
an air atmosphere (80% N2 and 20% O2). The rheo-
logical studies were carried out using an MCR302
(Anton Paar,  Graz, Austria) rheometer having a disk
geometry of 25 mm diameter. The rheometer instru-
ment measure shear rate was up to 100 s–1. The melt
flow index (MFI) was measured using a MFI-1221

instrument (Jinjian instrument, Chengde, China)
under 240°C at a constant load of 2.16 kg.
The morphology of the prepared sea-island fibers
was observed by using a scanning electron micro-
scope model S4800N (Hitachi, Japan) after spraying
with a layer of gold. The tensile properties of the
prepared fibers were investigated using a universal
testing machine model 3369 (Instron, USA) accord-
ing to the test standard of GB/T 14337-2008. The
grip distance of the head was set as 20 mm, and the
speed was 40 mm/min. Each fiber was repeated for
15 specimens.

3. Results and discussion
3.1. Plasticization mechanism
The intermolecular and intramolecular H-bonding
determine the thermal properties of PVA. It was
studied by FTIR analysis, and the corresponding
spectra are shown in Figure 1a. The peak located at
1250 cm–1 is ascribed to the C–C stretching. The
band at 1650 cm–1 contributed to OH bending [25].
Raw PVA showed a characteristic band at 3326 cm–1

that contributed to OH stretching [26]. As a compar-
ison, this band shifted to a lower wavenumber upon
adding polyols to varying degrees. When a compound
plasticizer composed of polyol A and polyol B was
used, a larger blue shifting occurred. Moreover, the
position of this band varied with the blending ratio
of polyol A/B. When the weight ratio of polyol A and
B reached 2:1, the position of the characteristic peak
was around 3288 cm–1. Such prominent blue shifts
strongly indicated polyol addition decreased inter-
molecular H-bonding of PVA by breaking macro-
molecular interaction [27]. Polyol B has a smaller
dimension and is more easily to penetrate PVA, gen-
erating a greater breaking effect to intra-molecular
H-bonding of PVA, as illustrated in Figure 1b.
To further study the effect of plasticization on the
interaction between PVA molecules, a molecular dy-
namic simulation was conducted on raw PVA and
its modified counterpart. The corresponding confor-
mation is shown in Figures 1c and 1d. Compared to
the pure PVA system, the calculated root means
square deviation (RMSD) of TPVA modified by SE
was 24% higher (Figure 2a), the spin-back radius of
the polymer increased from 5.5 to 6.1 nm
(Figure 2b), and the number of hydrogen bonds be-
tween PVA decreased from about 7000 to 2000
(Figure 2c). The free volume fraction in the plasti-
cizer system decreased by 0.9% relative to the pure
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PVA polymer system, and the required internal po-
tential energy decreased by 47.97 kJ/mol (Table 2).
The simulation results effectively indicated that the
plasticizer diffusion in PVA and the introduction of
small molecules of plasticizer into PVA formed PVA-
plasticizer hydrogen bonds so that intermolecular
chain forces of PVA were disrupted to a large extent.

3.2. Thermal properties of TPVA
The effect of polyol A/B blending ratio on thermal
properties was studied by DSC and TGA, as shown
in Figures 3a–3c, respectively. The initial decompo-
sition temperature (Td) and melting temperature (Tm)
are listed in Table 3. The raw PVA had a Tm of
199.8°C. With the addition of plasticizers, the Tm of

all obtained TPVA decreased. The reason was that
the plasticizer penetrated PVA chains, which weak-
ened the H-bonding of PVA. Compared to the role
of a single polyol plasticizer, a synergistic plasticizing
effect was observed between the compound polyol,
further lowering the Tm of TPVA. When the ratio of
SE and NPG is 1:1, the Tm of TPVA decreases to
185.6 °C. Polyol A has more OH bands than poly-
ol B. It could form more H-bonding with PVA.
When polyol A and B were blended as a compound
plasticizer, modified TPVA showed multiple melting
phenomena. It indicated there were different crys-
talline states in modified TPVA.
In general, the PVA macromolecules began to cleave
when the temperature was higher than 200 °C [28].
The effect of the ratio addition of compound plasti-
cizers on the thermal stability of PVA was also in-
vestigated. The initial decomposition temperature (Td)
of unmodified PVA was 214.7 °C. With the addition
of plasticizer, the Td of modified TPVA increased to
262.9°C at least. This was because the hydroxyl of
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Table 2. Free volume and internal potential energy of differ-
ent polymer systems.

Samples PVA TPVA
Free volume fraction           [%] 11.7 10.8
Internal potential energy     [kJ/mol] –1174.53 –1126.56

Figure 1. a) FTIR of PVA and TPVA modified with different ratios of polyols; b) mechanistic diagram of polyol-modified
PVA; simulation conformation of PVA before (c) and after (d) polyol A addition.



polyol formed a new and stronger H-bonding with
PVA [29]. The thermal processing window (ΔT =
Td – Tm) was elevated to 81.5 °C when the SE/NPG
mixing ratio reached 2:1, as shown in Table 3. This
indicates that polyol blending is beneficial in im-
proving the thermal stability of PVA. Even at tem-
peratures higher than 260 °C, the weight loss of pre-
pared TPVA did not exceed 5%. Moreover, the
maximum decomposition rate (dW/dT) greatly de-
creased, and temperature at this rate increased by
adding polyols.
PVA was rich in OH groups that were prone to be
oxidized through a hydration reaction. This affected
the processing, like rheological properties [30]. TGA
test was conducted at a constant temperature under
an air atmosphere to study the thermal oxidation be-
havior of TPVA. The one modified by SE/NPG = 2:1
was taken as a presentative example. The correspon-
ding patterns are shown in Figure 3d. When PVA
was kept at 230°C for 10 min, a large weight loss of
5% was observed. At the same temperature, the ther-
mal weight loss rate of TPVA was reduced by ap-
proximately 1%. This is because the addition of

polyols depresses the oxidation of PVA. When the
temperature was raised to 250 °C, 3% weight loss
occurred, indicating that the prepared TPVA should
be processed under 250 °C.

3.3. Rheological properties of TPVA
The rheological properties of TPVA were studied.
The modified PVA showed a typical shear thinning
behavior, as shown in Figure 4. At a constant temper-
ature, the shear viscosity decreased with the increase
of shear rate. This was because the secondary bonds
between the molecules were broken by a larger shear
force. Levering the temperature from 210 to 240°C,
the viscosity of the corresponding TPVA decreased
due to the reduction of inter-molecular bonding. As
the temperature increased, fluctuation appeared in the
rheological curves of TPVA modified with polyol B.
This was because polyol B had a boiling temperature
lower than 230°C. When the temperature was higher
than 220 °C, the polyol began to evaporate and
caused the change of rheological behavior of TPVA.
Moreover, it was observed that the rheological prop-
erties of TPVA with polyol A/B = 2:1 were more
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Figure 2. a) RMSD of different polymer systems; b) radius of gyration of different polymer systems; c) variation of the num-
ber of hydrogen bonds with time for different polymer systems.



sensitive to the temperature. This indicated the cor-
responding TPVA had a high flow activation energy.

3.4. Spinnability of TPVA
The MFI and spinnability of TPVA pellets, as de-
scribed above, were studied. The corresponding re-
sults are shown in Table 4. Raw PVA and the one
modified with polyol A did not show a value of MFI
under the testing. This indicated the H-bonding in
PVA was still maintained, and the prepared TPVA
showed no melt-flowing behavior. It kept consistent
with the investigation of FTIR spectra. When poly-
ol B was introduced, the MFI of TPVA increased, and

they were possibly processed in the melting state.
The possible reason was listed previously. Polyol B
was prone to penetrate the PVA amorphous region
due to its small molecular size. However, it con-
tained less –OH band than polyol A. Therefore, the
interaction effect between polyol B and PVA was
lower. The corresponding TPVA showed higher MFI.
When a blended polyol was used, the TPVA showed
a higher value of MFI. Especially when the polyol
A/B ratio was higher than 1:2, the spinnability of pre-
pared TPVA increases. A synergistic effect of plas-
ticization was observed between polyols A and B.
The tensile properties of TPVA fibers are also listed
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Figure 3. Thermal properties of PVA and TPVA modified with different ratios of polyols: a) DSC patterns; b) TGA curves
and c) DTG patterns under N2 atmosphere; d) thermal oxidation behavior of TPVA modified by 2:1 of polyol A/B
under air atmosphere.

Table 3. Thermal properties of PVA and TPVA modified with different ratios of polyols.
Sample PVA 1:1 2:1 4:1 1:2 A B

Tm                  [°C] 199.8 185.6 191.6 192.3 190.9 191.9 193.6
Td                   [°C] 214.7 266.5 273.1 262.9 269.1 271.1 272.7
ΔT                  [°C] 14.9 80.9 81.5 70.6 78.2 79.2 79.1
Td max              [°C] 317.9 324.9 321.5 322.5 329.5 324.6 322.9
dW/dT            [%/min] 12.4 8.31 8.03 8.22 8.20 8.33 8.46



in Table 4. When spinning at 230°C with the poly-
ol A and B ratio of 2:1, the melt flow index reached
35 g/10 min. The breaking strength and elongation
at the break of corresponding TPVA fibers were also
higher than those of PVA fibers modified by 1:1 or
4:1 polyol A/B.

3.5. TPVA-PLA sea-island fiber
The preparation of TPVA-PLA sea-island fibers is
shown in Figure 5a. TPVA obtained from the polyol A

and B blending ratio of 2:1 was selected as the ‘sea’
phase due to the large thermal processing window and
good mechanical properties of corresponding PVA
fibers. The effect of spinning speed on the tensile
properties of sea-island pre-oriented yarns (POY) was
studied, and the corresponding results are shown in
Figure 5b–5d. As the spinning speed increased, linear
density and diameter naturally decreased. When the
spinning speed increased from 1000 to 1500 m/min,
there was no significant change on the tensile strength
of POY fibers (around 0.94 cN/dtex). This was pos-
sible because the crystallization of fibers was not af-
fected at such a low spinning speed [31]. However,
when the speed reached 2000 m/min, the mechanical
strength reduced to 0.82 cN/dtex owing to the break-
ing of some filament in POY bundles during stretch-
ing. Breaking elongation of POY sustained at a high
value of over 100% due to a lack of thermo-fixing
treatment. The value decreased with the increase in
spinning speed. Usually, a higher orientation was ob-
tained once undergoing a higher spinning speed,
which reduced the elongation at break.
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Table 4. Spinnability of TPVA pellets and tensile properties
of prepared TPVA POY fibers.

Sample Spinnability
MFI

[g/10 min]
(230°C)

Elongation
at break
[%]

Breaking
strength
[cN/dtex]

PVA × / / /
1:1 √ 30±3 65.3±6.1 0.73±0.07
2:1 √ 35±2 76.7±6.6 0.85±0.08
4:1 √ 32±2 72.1±5.6 0.81±0.09
1:2 × 29±2 / /
A × 20±3 / /
B × 27±3 / /

Figure 4. Shear viscosity change with shear rate at different temperatures a) 215°C; b) 225°C; c) 240 °C.



The morphology of the prepared PVA-PLA island
fiber, as well as the corresponding PLA superfine
fibers, are shown in Figure 6. A distinct interfacial
phase of PVA-PLA fibers was observed. This was
due to the prominent difference in melt properties
between PVA and PLA. Increasing the spinning
speed the diameter of sea-island fiber reduced. How-
ever, SEM photos showed that the cross-section of
fiber began to deform when the speed was higher
than 1200 m/min. This is because the TPVA melt
breaks under a high stretching speed. The superfine
PLA microfiber was obtained after water splitting in
hot water at 95°C for 3 min. PLA microfibers with
a uniform diameter of about 6.5 μm (0.42 dtex) were
obtained, as shown in Figure 6e. Compared to the
traditional benzene or alkali reduction for the split-
ting of sea-island fiber, the use of water-soluble
TPVA could effectively reduce splitting time during
the preparation of superfine fibers.

4. Conclusions
This work proposed a novel industrial method to pre-
pare TPVA by physical blending. Two types of poly-
ols were blended and used as a compound plasticiz-
er. The plasticization effect changed with the mass
ratio of polyol A and polyol B. Polyol A had a larger
molecular volume and contained more hydroxyl, en-
abling the formation of a stronger H-bonding with
PVA macromolecules. As a comparison, polyol B
showed a smaller dimension and easily penetrated
PVA, breaking the inter-molecular interaction of
PVA more effectively. A synergistic effect was found
between them. Even though the usage doge of poly-
ols was just 6 wt%, the obtained TPVA showed an
MFI as high as 35 g/10 min. This ensured the good
spinnability of TPVA. The modified TPVA also had
excellent thermal stability and showed an initial de-
composition temperature of 273 °C. After plasti-
cization, the window for thermoplastic processing
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Figure 5. a) PVA-PLA sea island fiber processing diagram; PVA-PLA fibers: tensile properties b) linear density, c) breaking
strength, d) breaking elongation vs. spinning speed, respectively.



enlarged, and the resistance to oxidation at high
temperatures also enhanced greatly. This ensured a
conjugated spinning of PVA/PLA blended melts.
As-prepared sea-island POY showed a low me-
chanical strength. The highest tensile strength was
0.94 cN/dtex due to the lack of thermos-fixing

treatment. TPVA served as the sacrificial phase. The
as-prepared sea-island fibers turned into superfine
fibers with a diameter of 6.5 μm in 3 min by water-
splitting at 95 °C. This work provided a facile and
economical approach to the high throughput fabri-
cation of superfine fibers.
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Figure. 6 Cross-section of PVA-PLA sea-island fiber prepared by different rolling speeds a) 2000 m/min; b) 1500 m/min;
c) 1200 m/min; d) 1000 m/min and the corresponding PLA superfine fiber e) after PVA removal.
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1. Introduction
Zinc oxide (ZnO) is regarded as the most efficient
activator due to its faster cure kinetics; by interacting
with sulfur and accelerators, ZnO forms zinc poly-
sulfide complexes that bond to rubber chains to pro-
duce a three-dimensional crosslinked structure [1, 2].
The ability of Zn2+ ions to form complexes is a cru-
cial aspect of the activation mechanism [3]. It highly
depends on its dispersion state in the rubber matrix,
crystalline structure, surface area, and particle size
[4, 5]. Traditionally, in rubber compounds, micron-
sized conventional ZnO is being utilized. The inad-
equate dispersion of micro-sized conventional ZnO
particles within the rubber matrix results in only a
limited amount of ZnO being able to react effectively
with other curing compounds. To compensate for this

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

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

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

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

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

phr: parts per hundred rubbers

Ingredients
[phr]

C5BS
[phr]

A2BS
[phr]

N2BS
[phr]

F2BS
[phr]

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



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

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

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

Entry ML
[dN·m]

MH
[dN·m]

MH – ML
[dN·m]

Ts2
[min]

Tc90
[min]

CRI
[min–1]

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



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

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

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

(1)

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

(2)

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

d
d
t k k 11 2
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Figure 1. a) Time–elastic modulus curve, b) crosslink density measured from a swelling method using Flory Rehner equation.

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



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

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

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

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

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

S. T. Kumbalaparambil et al. – Express Polymer Letters Vol.17, No.12 (2023) 1268–1285

1273

Figure 3. FTIR spectroscopy of C5BS, A2BS, N2BS and F2BS a) at zoomed wavelength of 1050–750 cm–1, b) at zoomed
wavelength of 1700–1300 cm–1, c) XRD diffraction spectra of C5BS, A2BS, N2BS and F2BS.



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

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

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

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

(3)

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

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

(4)

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

Batch T10
[°C]

T50
[°C]

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

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



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

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

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

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



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

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

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

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

SBR/NR Blend Traction
(tan δ at 0 °C)

Rolling resistance
(tan δ at 60°C)

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

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



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

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

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



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

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

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

(5)

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

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

%PRI P
P
100

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

Sample designation Tensile strength
[MPa]

Elongation at break
[%]

Modulus at 300%
[MPa]

Tear strength
[N/mm]

Hardness
[Shore A]

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

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



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

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

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

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

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

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

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



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