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Preface

Rubbers or elastomers are essential polymer materials that play a crucial role in modern

civilization. Although they are rarely used in their pure forms, their properties can be significantly

enhanced through the incorporation of various foreign materials. These additives are broadly

categorized into curatives and fillers. Reinforcing fillers greatly improve the mechanical properties

and durability of rubber composites, while curatives help to form three-dimensional network

structures, providing chemical and physical stability to the processed rubber.

With continuous advancements in the science and technology of rubber materials, rubber

composites are now being utilized in cutting-edge technologies such as stretchable electronics,

sensing devices, dielectric energy harvesting, smart damping systems, and membrane technology.

However, the increasing demand for rubber products poses challenges for both industry and the

environment. Current fillers, derived from fossil fuels, are becoming increasingly expensive, and

some curatives and fillers cause ecological pollution. Therefore, exploring alternative materials is

crucial. In cases where alternatives are not feasible, certain modifications can reduce the use of foreign

materials while maintaining similar properties for industrial applications.

This reprint provides readers with insights into various techniques used to fabricate rubber

composites and their advanced applications. It offers valuable concepts on the mechanisms of

rubber-filler interactions and their role in enhancing properties. Additionally, this reprint discusses

potential alternative fillers that could be beneficial for environmental remediation or economic

advantages. Each chapter thoroughly covers the background of the innovations, presents results

and discussions, and concludes with important findings. I am confident that readers will gain many

innovative ideas that will be beneficial for their research or academic pursuits.

Md Najib Alam

Editor
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Editorial

Advances in Functional Rubber and Elastomer Composites

Md Najib Alam

School of Mechanical Engineering, Yeungnam University, 280, Daehak-ro, Gyeongsan 38541, Republic of Korea;
mdnajib.alam3@gmail.com

1. Introduction

Two crucial innovations—mastication and vulcanization—have revolutionized the
use of rubber in our daily lives [1,2]. Initially, natural rubber was utilized to manufacture
shoes, waterproof jackets, toys, and other items; however, the discovery of vulcanization
in the mid-19th century has significantly transformed its applications. For example, solid
rubber strips started to be used in wheels, greatly enhancing riding comfort in vehicles.
With continuous advancements in science and manufacturing technologies, modern tires
are now easier to produce, as well as being more durable, safer for driving, and more
fuel-efficient.

At the beginning of the 20th century, the demand for rubber surged, but its supply was
limited, prompting the search for new sources [3]. In 1909, a team led by Fritz Hofmann at
Bayer laboratory successfully created the first synthetic rubber from isoprene monomers.
In 1931, another synthetic rubber, neoprene, was synthesized, and a few years later, in
1935, a series of synthetic rubbers known as Buna rubbers were developed through the
copolymerization of two monomers. Subsequently, many types of synthetic rubbers have
been produced, featuring a wide range of chemical, thermal, and oil-resistant properties [3].
These special features enabled their use in applications such as oil fields and machinery.

Recently, elastomeric materials have found applications in advanced electronic devices;
artificial intelligence; and robotics, medical, and health monitoring technologies [4–6].
For these applications, rubber or elastomers must possess special characteristics. For
instance, elastomers can be made electrically or magnetically sensitive by incorporating
electrically conductive or magnetic fillers [7–9]. These materials can then be used in smart
sensing devices. Additionally, rubber composites with specific fillers exhibit excellent
electromagnetic wave absorption properties. Some rubber composites can even function as
transducers, converting mechanical energy into electrical power, which can be utilized for
generating green energy [10,11].

Fillers are immensely important for making rubber composites for various applications.
However, some fillers exhibit low performance abilities due to their surface characteristics,
while others are expensive or pose human and environmental toxicity risks. In such cases,
alternative or modified fillers can be beneficial [12,13]. Additionally, modifying rubber
itself can enhance composite properties. By adopting these strategies, rubber composites
have the ability to become more advanced, practical, cost-effective, and sustainable for our
societies and industries.

2. Overview of Published Articles

Fasolt et al. [14] found that electrodes impact the breakdown voltage in dielectric
elastomer actuators, which can be improved using stiffer, silicone rubber-based electrodes.
Furthermore, Liu et al. [15] used hydrophobized, bio-based, microfibrillated cellulose as a
reinforcing filler in silica/styrene butadiene rubber (SBR) tire tread compounds, observing
a notable increase in mechanical properties compared to the sole use of silica/SBR com-
pounds. Meanwhile, Wang et al. [16] enhanced the mechanical, dielectric, and hydrophobic
properties of commonly used Methyl Vinyl Silicone Rubber by blending it with Fluorosil-
icone Rubber. Carbon black and silica remain dominant fillers in the rubber industry;
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Magaletti et al. [17] utilized modified carbon black with a bio-sourced Janus molecule to
reinforce rubber, significantly reducing energy dissipation compared to conventional silica
or carbon black-reinforced rubber compounds. Moreover, Song et al. [18] improved silica
filler dispersion in rubber by using liquid styrene butadiene rubber end-functionalized
with a silane coupling agent, resulting in significant improvements in rolling resistance,
snow traction, and abrasion resistance compared to the traditionally used treated distillate
aromatic extract (TDAE) oil as a filler dispersant. Slobodinyuk et al. [19] synthesized
new shape memory polymers for self-healing coatings using oligomers with terminal
epoxy groups from oligotetramethylene oxide dioles; they developed a high-yield synthesis
method for oligoetherdiamines (94%), involving acrylic acid and aminoethylpiperazine,
which enhanced the thermal and mechanical properties of urethane polymers, achieving
over 95% shape fixity and over 94% shape recovery. Ahmed A. Bakhsh [20] explored the
mechanical and thermal properties of polyolefin–hydroxyapatite nanocomposites using
HDPE and LDPE matrices, finding significant enhancements with minor decreases at
the 40% level of hydroxyapatite loading. Razzaq et al. [21] reported the 4D printing of
electro-active, triple-shape composites made from polyester urethane (PEU), polylactic
acid (PLA), and multiwall carbon nanotubes (MWCNTs). These composites, suitable for
fused filament fabrication, demonstrated the triple-shape effect through resistive heating,
offering potential applications in space, robotics, and actuation technologies. Additionally,
Al-Mhyawi et al. [22] developed an adsorbent hydrogel using acrylic acid and orange peel
via free radical polymerization to remove methylene blue (MB) from water; optimized
and characterized using SEM and BET analysis, the hydrogel showed an 84% adsorption
in 10 min and proved to be reusable for up to ten times, demonstrating an efficient and
eco-friendly method for water treatment. Jung et al. [23] studied the effects of carbon black
(CB) and silica fillers on H2 permeation in sulfur-crosslinked ethylene propylene diene
monomer (EPDM) polymers. CB-blended EPDMs exhibited dual sorption, while neat and
silica-blended EPDMs followed Henry’s law. CB-filled EPDMs reduced H2 diffusivity
as a result of an increased tortuosity, suggesting its potential use as a sealant material
for H2 refueling stations. Do et al. [24] investigated the mechanical responses of graded
styrene–butadiene rubber (SBR) with varying crosslink densities compared to homoge-
nously vulcanized SBR; graded SBR showed a good elasticity and a significant warpage
after stress removal, indicating a prolonged shrinking stress on the high-crosslink surface,
enhancing crack resistance and slow strain recovery. Alam et al. [25] explored using MgO as
a co-activator to reduce conventional ZnO levels in rubber vulcanization. A 3:2 MgO:ZnO
weight ratio significantly shortened the curing times and enhanced mechanical properties,
providing a safer, high-performance alternative for industrial applications. Kumar et al. [26]
developed stretchable magnetic composites using silicone rubber mixed with graphene
nanoplatelets (GNPs) and electrolyte–iron particles (EIPs). These composites, cured at room
temperature, exhibited enhanced mechanical and magnetic properties. GNPs provided
high stiffness and stretchability, while hybrids of GNPs and EIPs showed an improved
mechanical performance and magnetic sensitivity, which is ideal for soft robotics. Further-
more, Jung et al. [27] synthesized a series of bio-based thermoplastic polyurethanes (TPUs)
using bio-based polyether polyol and 1,4-butanediol (BDO), with aromatic (4,4-methylene
diphenyl diisocyanate: MDI) and aliphatic (bis(4-isocyanatocyclohexyl) methane: H12MDI)
isocyanates. Various micro-phase structures were identified and matched with specific TPU
samples, including H-BDO-2.0, M-BDO-2.0, H-BDO-2.5, and M-BDO-3.0. In another study,
Kumar et al. [28] developed stretchable devices using silicone rubber composites with multi-
wall carbon nanotubes (MWCNTs) and copper particles. The hybrid composites showed
an optimal stiffness and stretchability, generating ~6 V with a cycle durability of over 0.4
million, making them suitable for flexible electronics and piezoelectric energy-harvesting
applications. Yang et al. [29] examined the low-velocity impact response of sandwich plates
with functionally graded carbon nanotube-reinforced composite (FG-CNTRC) face sheets
and a Ti-6Al-4V auxetic honeycomb core. Using first-order shear deformation theory and
Hamilton’s principle, they analyzed the impact response, considering various stacking
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sequences, CNT volume fractions, and impact conditions. In a review paper, Alamer
et al. [30] discussed different carbon-based conductive materials on fabrics, notably car-
bon nanotubes and graphene, highlighting their superior properties and pivotal roles in
electronic device applications across various fields

3. Summary and Future Outlook

High-level filler dispersion is crucial for optimizing the properties of rubber compos-
ites. In this Special Issue, numerous researchers have developed various techniques, both
physical and chemical, to enhance filler dispersion. Despite these advancements, there
remains a significant potential for improvement, particularly for functional elastomer com-
posites that require specialized elastomers and fillers for specific applications. Researchers
have created functional rubber composites, such as electroactive and magnetoactive rubber
composites, which are promising for advanced engineering applications in robotics and
sensing. Others have developed structural composites that are useful in separation, pu-
rification, and structural technologies. Curing studies of these functional composites are
also essential for ensuring their reliability and to address environmental safety concerns,
highlighting the need for future research in this area. The potential for advancements
in the properties of functional rubber and elastomeric materials is boundless. Therefore,
continued research in this special field is imperative for future progress.

Funding: This research received no external funding.

Acknowledgments: The author thanks all the contributors and reviewers for their valuable contribu-
tions and support from the section editors of this Special Issue.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Dielectric Elastomer Actuators (DEAs) enable the realization of energy-efficient and com-
pact actuator systems. DEAs operate at the kilovolt range with typically microampere-level currents
and hence minimize thermal losses in comparison to low voltage/high current actuators such as
shape memory alloys or solenoids. The main limiting factor for reaching high energy density in high
voltage applications is dielectric breakdown. In previous investigations on silicone-based thin films,
we reported that not only do environmental conditions and film parameters such as pre-stretch play
an important role but that electrode composition also has a significant impact on the breakdown
behavior. In this paper, we present a comprehensive study of electrical breakdown on thin silicone
films coated with electrodes manufactured by five different methods: screen printing, inkjet printing,
pad printing, gold sputtering, and nickel sputtering. For each method, breakdown was studied
under environmental conditions ranging from 1 ◦C to 80 ◦C and 10% to 90% relative humidity. The
effect of different manufacturing methods was analyzed as was the influence of parameters such as
solvents, silicone content, and the particle processing method. The breakdown field increases with
increasing temperature and decreases with increasing humidity for all electrode types. The stiffer
metal electrodes have a higher breakdown field than the carbon-based electrodes, for which particle
size also plays a large role.

Keywords: dielectric breakdown test; electrode manufacturing methods; influence electrodes; silicone
films; carbon black; environmental conditions

1. Introduction

The utilization of DEAs as electromechanical transducers is attractive for a number of
different applications such as valves [1,2], pumps [3], and switches [4,5], as well as in haptic
devices [6,7], wearables [8,9], and soft robotics applications [10–14]. DEAs are lightweight
and offer silent, energy-efficient actuation without the use of rare earth materials. Addi-
tionally, the actuators’ self-sensing properties enable smart applications without the need
for external sensors.

A standard DEA typically consists of a compliant dielectric elastomer membrane
sandwiched between two stretchable electrodes [15,16]. When a voltage is applied to the
electrodes, electrostatic forces lead to a reduction of the membrane thickness along with a
simultaneous lateral expansion, thus resulting in voltage-controlled motion.

An important limiting factor for high voltage applications is dielectric breakdown.
The breakdown field strength E_BD represents the maximum value of the electrical field
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which can be withstood by the membrane. The Maxwell pressure scales as E_BD2 while the
elastic energy density scales as E_BD4 [17] It is thus essential to be able to operate DEAs
at high electric fields and to understand on which parameters the maximal breakdown
field depends. Environmental conditions such as temperature and humidity, as well as
the pre-stretch of the membrane, and the dielectric material itself are only a selection of
possible parameters known to have an influence on the breakdown voltage [18–24]. In
a previous breakdown study by Fasolt et al. conducted on pure silicone film and film
with screen-printed carbon black (CB) electrodes, it was discovered that in addition to the
above parameters the electrode also had a significant impact on the breakdown, lowering
the breakdown field by up to 20% [25]. To validate the influence of electrodes on the
breakdown behavior, the results were compared with a study conducted by Albuquerque
and Shea [16], which tested silicone film with sputtered gold electrodes under various
environmental conditions. The results of the breakdown fields varied significantly but
because the film thickness, pre-stretch, and electrode material were also different, a direct
comparison was not possible. Other published studies about breakdown behavior of
silicone thin film used yet different electrode materials: Förster-Zügel et al. used graphite
powder and a shadow mask [26], Stoyanov et al. sprayed carbon nanotubes [27], Jiang et al.
applied conductive carbon grease [28], Albuquerque and Shea applied CB electrodes by
pad printing [29], and Zakaria et al. sputtered silver electrodes [30]. In order to establish a
framework for transferability of measured results between different studies, the current
paper systematically investigates the effect of different electrode materials and electrode
manufacturing methods over a wide temperature and humidity range.

Specifically, this study provides a comprehensive breakdown investigation conducted
on electrodes applied by four different manufacturing methods, using the same test setup
and environmental conditions, ranging from 1 ◦C to 80 ◦C and 10% to 90% relative humid-
ity. Three research groups collaborated on this project and provided different electrodes
manufactured with application methods used in their labs: screen printing, inkjet printing,
pad printing, gold sputtering, and nickel sputtering. The electrodes were applied on the
same 20 μm-thick silicone dielectric material, Wacker Elastosil 2030/20 μm, and the same
bi-axial pre-stretch of the film was used for all samples.

Each manufacturing method has its unique application scope, shown in Table 1.
Manufacturing methods such as spraying, spin coating, blade casting, or 3D printing are
also possible but were not included in this study [31–33]. Sputtered metal electrodes have
a high conductivity and nanometer-scale thicknesses but usually lose conductivity when
stretched. Hubertus et al. [34–36] describe a method where electrodes are sputtered on
a pre-stretched film and subsequently released so that they exhibit a strongly wrinkled
configuration, enabling subsequent stretching within the pre-stretch range and even above.
Carbon black electrodes are attractive low-cost materials and can be applied by high-
throughput and scalable processes such as screen printing, pad printing, or inkjet printing.
These electrodes can remain conductive even at large deformations and hence are a widely
used material for soft actuator and sensor applications. Other printable electrode materials
such as carbon nanotubes, silver, and graphenes are not included in the study.

The breakdown behavior of the different manufacturing methods is systematically
analyzed in this paper and possible breakdown-affecting parameters are discussed. As a
reference, experiments were also conducted on samples without applied electrodes. The
investigations conducted in this paper are divided into three main sections. The focus of the
first group is the influence of environmental conditions such as temperature and humidity
on the breakdown behavior. The results are shown for all different types of electrodes.
Sections 3.1–3.3 focus on the differences in breakdown behavior for the different types
of electrodes. Influencing parameters such as the mechanical effect of the manufacturing
method and stiffness (pull-in effect) are discussed. Sections 3.4–3.6 examine possible
influencing parameters for the carbon black-based electrodes such as solvents, carbon black
processing (mixing and milling), and silicone content. The experiments of Section 3.3,
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Sections 3.4–3.6 were conducted under standard environmental conditions (20 ◦C/55%
rel. humidity).

Table 1. Application range of electrode manufacturing methods for DEAs used in this study and
associated advantages/disadvantages.

Advantage Disadvantage

Sc
re

en
-p

ri
nt

in
g • Very fast process, ready up-scaling to mass

production
• Printing of small and large areas
• High acceptable range of ink viscosity

(500–10,000 mPas)

• New screen for each design → not ideal for
prototyping

• Material waste for prototyping due to large
minimum amount of ink needed for first print

• Can only print on flat or rounded surfaces
• Mechanical impact of screen on DE film

Pa
d-

pr
in

ti
ng • Printing on irregular shaped surfaces possible

• Fast process
• Medium range of acceptable ink viscosity

(1500–2000 mPas)

• Stencil necessary → not ideal for prototyping
• Cannot print on large areas
• Mechanical impact of soft pad on DE film

In
kj

et
-p

ri
nt

in
g

• No screen or stencil necessary
• Ideal for prototyping
• Contactless process—no mechanical impact

• Very low range of acceptable ink viscosity
(10–20 mPas)

• Ink needs high solvent content
• Clogging of nozzle requires frequent cleaning

procedures
• Slow process, poorly suited for mass production

Sp
ut

te
ri

ng

• Nanometer-thick high-conductivity electrodes
• Microscale actuator designs possible with

subsequent laser ablation
• Ideal for micro-structures incl. connections using

laser ablation

• Slow and complex process for laboratory sputtering
systems, involving a vacuum step

• Pre-stretch of film required for sputtering and
subsequently releasing to avoid cracks → DE
operation preferrable within pre-stretched range

• High investment cost for mass production

2. Experimental Setup and Procedure

2.1. Test Setup

The breakdown tests were conducted using a custom-built automated electrical break-
down test setup. A detailed description of the development and design is given in [37].
During the tests, two gold-plated electrodes, subsequently denoted measurement elec-
trodes, with a diameter of 6.3 mm, one moveable on a pivoting arm and one fixed, make
contact with the silicone film and voltage is applied at a rate of 0.5 kV/s until breakdown.
The breakdown voltage is defined as the voltage when the current flow through the mate-
rial reached a value of 150 μA. A LabVIEW test software automatically stops the voltage
application and records the breakdown value when the admissible current flow is detected
by the HypotMAX 7710 Dielectric Withstand Tester (Associated Research, Lake Forest,
IL, USA). The movable top electrode is flat, and the bottom electrode has a convex shape
with a radius of curvature of 26 mm. The geometry configuration flat top and flat bottom
was also investigated for the same film and pre-stretch, but only a negligible difference
in the breakdown field was detected. Therefore, the flat/convex shape, also compatible
with standardization suggestions from Carpi et al. [38], was chosen for the measurement
electrodes, as it also features minimal membrane interactions during spot positioning. After
breakdown, the electrodes separate, and the tester automatically moves to the next position.
The test setup was placed in a climate chamber Vötsch CLIMEEVENT C/600/40/3 to
be able to conduct all breakdown tests in a controlled environment. The tester design
allows for consecutive testing without the need to open the climate chamber. Figure 1
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shows a schematic illustration of the breakdown tester and the steps carried out for each
measurement point.

 

Figure 1. Schematic sketch (top) and diagram (bottom) of the breakdown tester and measure-
ment steps.

The tests were conducted on pure film and film with applied electrodes. To compare
these results, all manufactured electrodes had the same diameter as the measurement
electrodes. Two different test frames were used. The frames for the screen-printed, nickel-
sputtered, and pure film were prepared at the iMSL lab on a metal frame with eleven
measurement points, and the gold-sputtered, pad-printed, and inkjet-printed electrodes
were prepared at the EPFL lab on plastic frames with three measurement points each.
Figure 2 shows a picture of the automated tester with the measurement electrodes and an
example of the screen-printed and gold-sputtered electrode samples located in the tester as
well as the placement of the tester in the climate chamber.

 

Figure 2. Left: Automated breakdown tester with measurement electrodes (convex/flat design for
voltage application) and example of screen-printed and gold-sputtered electrodes. Right: Test setup
in climate chamber CLIMEEVENT C/600/40/3, Fa. Vötsch.

2.2. Materials and Sample Preparation

Wacker Elastosil 2030/20 μm, pre-stretched bi-axially by L1 = L2 = 1.3, is used as a
dielectric film for all samples. The average sample thickness after stretching is 11.8 μm.
The samples without electrodes, with screen-printed electrodes, and with nickel-sputtered
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electrodes are pre-stretched using an automated stretcher, consisting of two separately
controlled stepper motors and vacuum clamps for the fixation of the DE film. Screen-
printed samples are first transferred onto special printer frames to allow for the printing of
two designs at the same time and are subsequently transferred onto the test frames. The
nickel-sputtered samples and the samples used for tests without electrodes are directly
transferred to the test frames used in the breakdown tester. This procedure is described
in more detail in [37]. The gold-sputtered, inkjet-printed, and pad-printed samples are
pre-stretched using a circular stretcher and transferred to PMMA frames coated with a
pressure-sensitive adhesive (Adhesives Research ArClear). The thickness is controlled
using a white light transmission interferometer, as described in [39].

2.2.1. Gold-Sputtered Samples

The gold electrodes (≈20 nm thick) are applied over a mask using a Jeol JFC-1200 gold
coater, Jeol USA, Inc., Peabody, MA, USA (Argon, 8 Pa, 140 s at 20 mA), as described in [40].
The coating is carried out on both sides, leading to circular 6.3 mm diameter electrodes.

2.2.2. Nickel-Sputtered Samples

Ten nm-thick nickel electrodes are deposited by a DC magnetron sputter process in
a laboratory vacuum chamber. At the beginning of the process, the samples, covered
with a shadow mask, are inserted into the vacuum chamber and placed on a movable
sample holder. The pumping process is started until a background pressure of less than
1 × 10−5 mbar is reached. Prior to sputtering, three pump–purge cycles are executed,
where Argon is let into the chamber up to a pressure of 1 × 10−1 mbar and pumped out
again. A constant gas flow of 15 sccm Argon in combination with an appropriate position
of a downstream throttle then leads to a constant sputter pressure of 1.5 × 10−3 mbar.
The sputtering process is started by first pre-sputtering the magnetron target for 1.5 min,
while the sample is still located outside the influence of the target. After that, the sample
is transferred under the target and coated with a 10 nm-thick nickel thin film. A total
of 300 W is applied to the target and held constant during the whole process. With a
target-to-substrate distance of 4.5 cm, a 10 nm-thick nickel thin film is manufactured in
5 s. The geometry of the deposited thin film is realized by using a shadow mask, lasering
11 circles with a diameter of 6.3 mm and a distance of 10 mm between the centers of the
circles out of a 50 μm-thick metal foil.

2.2.3. Screen-Printed Samples

A screen-printing process requires electrode materials for printing and a screen pro-
vided with the desired sample design [41]. The electrode material is prepared using
a mixture of 83 wt.% solvent (50% Coats screen VD60, 50% Wacker Belsil DM 1 Plus),
3.8 wt.% carbon black, and 13.2 wt.% PDMS. The solvent is added to achieve the viscosity
necessary for screen printing. The preparation of the electrode material is carried out in
multiple steps. First, the carbon black and solvents are blended in a planetary mixer. This
mixture is subsequently ground in a three-roll mill and, after adding PDMS, again blended
in the planetary mixer. A screen with two sets of eleven dots, each with a diameter of
6.3 mm, is prepared, and the electrode material is screen printed onto the pre-stretched film,
achieving a thickness of 3 μm. After heat curing at 150 ◦C for 10 min, the electrodes are
screen printed onto the other side of the film and heat cured for another 60 min at 150 ◦C.
The film is then transferred onto two test frames consisting of 11 electrode dots designed
for testing in a breakdown tester. After curing, the solvents are evaporated, and the mixture
consists of 25 wt.% carbon black and 75 wt.% silicone.

2.2.4. Pad-Printed Samples

The carbon black-PDMS composite electrode is a 4 ± 1 μm-thick pad-printed electrode
comprising 0.8 g of carbon black (Ketjenblack EC-300J, Nouryon, Amsterdam, Netherlands)
dispersed in 8 g of silicone elastomer (Silbione LSR 4305, Elkem, Oslo, Norway) of A:B ratio
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1:1 and 32 g of a mixture of 50% isopropanol and 50% iso-octan, prepared following Rosset
et al. [39] using a planetary mixer. After pad printing, the samples with the pad-printed
electrodes are cured at 80 ◦C for 1 h. The pad-printing process is repeated on the opposite
membrane side, leading to 6.3 mm diameter electrodes.

2.2.5. Inkjet-Printed Samples

The inkjet-printed electrodes (3 ± 1 μm thick) contain carbon black (Ketjenblack
EC-300J), a dispersant (Wacker Belsil SPG 128 VP, WACKER Chemie AG, Munic, Germany),
and a solvent (DOWSIL OS2, Dow Chemical Company, Midland, MI, USA) and were
applied following the process described in Schlatter et al. [42]. Circular electrodes of
6.3 mm were directly printed on the membrane.

2.3. Test Procedure

For characterization under well-defined environmental conditions, the breakdown
tester is placed in a climate chamber. The samples are tested at six different environmental
conditions, covering a wide range of possible conditions from low via medium to high
temperatures with low, medium, and high humidities, Table 2. The difference in water
content between low and high humidity at 1 ◦C is only 4 g/m3, which is outside of the
adjustable range of the climate chamber.

Table 2. Temperatures and relative humidities of test conditions.

Temperature and % RH

1 ◦C—undefined % RH 20 ◦C 10% RH 80 ◦C 10% RH

20 ◦C 55% RH—defined as
standard environmental condition

20 ◦C 90% RH 80 ◦C 90% RH

The respective conditions are adjusted, and when stable, an additional 30 min remain
before the test samples are placed into the chamber. One test sample is immediately fixed
onto the movable station of the breakdown tester and five more samples are placed on a
storage rack located above the tester. After 60 min, thermal equilibrium is reached in the
test samples, and the tests are conducted on all test points consecutively (eleven electrodes
on the large frames and three on the small frames). The tested frame is removed and
replaced with a sample from the storage rack, which will then be re-stocked with samples
from outside the climate chamber so that the minimum dwell time for each sample is 1 h.
When conditions are stable again after replacement, another 10 min remain before the next
test is conducted. This procedure is repeated until results for 15 measurement points per
condition are available.

3. Results

The motivation of this study was to understand how different electrode materials and
their manufacturing methods influence dielectric breakdown behavior in thin silicone films.
First, the influence of six different environmental conditions is discussed in Section 3.1.
Then, Sections 3.2 and 3.3 discuss the mechanical effects associated with the different
electrode materials. This includes the mechanical impact due to the manufacturing method
as well as the different stiffnesses of the metal and non-metal electrodes. These experiments
are conducted at defined standard condition (20 ◦C/55% RH). In Sections 3.4–3.6, the
focus is on the carbon black-based electrodes, which are of particular relevance as they are
not only used for lab breakdown measurements but also in applications with dielectric
elastomer actuator devices. Here, parameters important for manufacturing, i.e., solvents,
carbon black processing, and silicone content, and their impact on the breakdown behavior
are systematically studied.
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Results from the breakdown measurements performed for each test case typically lead
to plots such as the one shown in Figure 3, displaying breakdown results for all electrode
types at standard conditions. Each test point is consecutively tested by connecting the
setup electrodes of the breakdown tester to the manufactured top and bottom electrode and
applying a voltage. The voltage is ramped with 500 V/s until breakdown, which is defined
by a current flow of >150 μA through the dielectric material. The breakdown voltage is
recorded for each breakdown point in the tested sequence until 15 points are tested. The
results in Figure 3 indicate significant differences between the breakdown voltages for
metal-sputtered electrodes and carbon black (CB) electrodes, showing an average of more
than 400 volts (>20%) higher for the sputtered electrodes than the CB electrodes. The
samples without electrodes are tested as a reference and are consistently higher than for all
the samples with applied electrodes.

Figure 3. Breakdown voltage of Elastosil 2030/20 at 20 ◦C 55% RH for all electrode types, with
15 measurement points per sample.

However, to compare the different conditions and electrodes, a bar graph illustration
is impractical. Therefore, for the remaining figures in this paper, a boxplot design is used,
which allows for a compact comparison and interpretation of the different cases. For
example, the breakdown of single spots (depicted as red cross) due to imperfections in the
film are easily identified through outliers, while additionally the margin of the breakdown
values is visible by the width of the box, including the value for the median.

Furthermore, the breakdown field, defined as the breakdown voltage divided by the
initial film thickness, rather than the breakdown voltage, is introduced, because it allows
for a better comparison with published measurements conducted on samples with different
membrane thicknesses. The small thickness change when the voltage is applied is not taken
into account for the calculation of the electric field.

Figure 4 gives a comprehensive overview of the test results for each electrode type
under all of the environmental conditions. The experiments were conducted at low, ambient,
and high temperatures: 1 ◦C, 20 ◦C, and 80 ◦C. The ambient and high temperatures are
tested each at low relative humidity (10% RH) and high relative humidity (90% RH). The
difference in water content between the low and high humidity at 1 ◦C is only 4 g/m3,
which is outside of the range adjustable in the climate chamber. Therefore, the results in
Figure 4 for 1 ◦C are shown with an unspecified relative humidity.
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Figure 4. Breakdown field of Elastosil 2030/20 at different environmental conditions for pure silicone
film (no electrode) and for film with electrodes applied using different manufacturing methods.

Depending on the environmental conditions and the manufacturing method of the
electrodes, breakdown fields ranging from 100 V/μm to 200 V/μm are measured. It is
important to point out that the samples are pre-stretched bi-axially by 30%, and therefore
the breakdown field is higher than what is expected for un-stretched samples. The influence
of pre-stretching on the breakdown field is reported in different studies [25,43–45].

From Figure 4, one sees that the breakdown field for films without electrodes as well
as films with sputtered electrodes is significantly higher than for samples with carbon black
electrodes, for all environmental conditions.

3.1. Influence of Temperature and Humidity on Breakdown Behavior

Even though breakdown fields vary between electrode materials and deposition
methods, two trends are apparent for all electrode types: the breakdown field increases
with an increasing temperature and decreases with increasing humidity. This is shown in
Figure 5, where two temperatures at low and high humidity are displayed for a metal and a
carbon black electrode. These two observations will be discussed in the following sections.

 

Figure 5. Influence of temperature (red and blue box) and relative humidity (light blue background)
on the breakdown field of silicone film Elastosil 2030/20 for gold electrodes and screen-printed
carbon black electrodes.
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3.1.1. Increase of Breakdown Field with Increasing Temperature

The exact composition of Elastosil 2030 is not known to the authors, but it is assumed
that it mainly consists of polydimethlylsiloxan (PDMS). PDMS is a silicone polymer with
a long backbone of alternating units of silicon and oxygen (Si-O) and two side chains of
methyl on each silicon. The silicone molecule is helical, and intermolecular forces are
low, hence easy rotational movements along the backbone are possible. The tetrahedral
structure of the silicon in the chains prevents tight packing, thus the free volume in PDMS
is high. Additionally, the methyl groups can rotate freely around the backbone [46,47],
allowing for even more flexibility. How this composition is affected by temperature change
can be explained using the free energy F of the system, defined in Equation (1), with U:
Internal Energy, T: temperature, and S: the entropy [48].

F = U − TS (1)

The most stable condition is when the free energy is minimized. Silicone elastomers
behave nearly entropy elastic above the glass transition temperature (−126 ◦C for Elastosil
2030), and therefore the contribution of the internal energy to the free energy can be
neglected in our tested temperature range. From Equation (1), an increase in temperature
and entropy will be more energetically favorable. An increasing temperature causes the
PDMS molecules to move and rotate more freely and increase in entropy. This state has
two consequences for the breakdown behavior. One is a stiffening effect and hence increase
in Young’s modulus [49]. The other one is a prolonged breakdown through the membrane
due to the high activity of the chains, which was observed by Du et al. in their investigation
about the treeing characteristics at different temperatures [50].

A different influence of the temperature on the breakdown behavior for different
electrode materials was not observed.

3.1.2. Decrease of Breakdown Field with Increasing Relative Humidity

With increasing humidity at a constant temperature, a reduction in the breakdown
field was observed for all electrodes. The high water vapor permeability of 3000 g/m2/24 h
for Elastosil 2030/20 μm, [51], a result of the high free volume, allows for the water vapor
to rapidly diffuse into and through the membrane. The free volume is a function of the
temperature, and when the temperature increases, the free volume and the permeability
increase as well [52]. Furthermore, the polymer chains become more mobile, and the
diffusion of the water molecules is favored. The mobility of the water vapor molecules
significantly depends on the temperature as well. Thus, higher temperatures mean higher
gas mobility which subsequently results in a higher gas diffusivity and permeability [53].

Depending on the temperature and humidity, the membrane can absorb 0.1 to 0.25 wt.%
of water [54,55]. The absorbed water molecules in the membrane lower the dielectric prop-
erties of the material because the water introduces additional charge carriers and thus
breakdown takes place at lower breakdown fields.

Figure 5 shows the breakdown fields for metal (gold) electrodes and carbon black
(screen-printed) electrodes for two temperatures, at low and high humidity. The lower
breakdown field for higher humidities is clearly visible for both electrodes. However, while
the median difference (calculated by subtracting the medial breakdown at 90% RH from
10% RH and divided by the 10% RH value times 100) for the CB electrodes is around 3%
for both temperatures, it is significantly higher, 13.5%, for the gold electrodes at 80 ◦C and
90% RH.

3.2. Effect of Electrode Manufacturing-Induced Mechanical Actions on Breakdown Behavior

Section 3.1 illustrated the influence of the environmental conditions on the breakdown
field and reported how the breakdown field is different for different electrode types for
a given environmental condition. This difference can either be due to processes during
manufacturing or due to specific electrode properties and their influence on the film. This
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section explores whether the manufacturing process is responsible for a mechanical change
of the film. Figure 6 shows a breakdown plot for all electrode types, combining data
from all temperatures and humidities in one box for each electrode type (90 data points
per electrode).

Figure 6. Summarized breakdown field results from all temperature and humidity tests conducted in
Figure 4 subdivided into samples without electrodes, metal electrodes, and CB electrodes.

The sputtering process and the inkjet-printing process are non-contact manufacturing
methods. During screen printing and pad printing, direct mechanical contact with the film
is necessary. In the screen-printing process, the mesh touches the film, and a squeegee
applies the electrode material through the mesh. In the pad-printing process, the pad,
which transfers the electrode material onto the film, stamps the electrode material directly
onto the film. Figure 6 shows higher breakdown fields for the sputtered electrodes, but
the results for the inkjet-printing electrodes are in the same order of magnitude as for
the contact processes screen printing and inkjet printing, indicating that the mechanical
impact is not a decisive parameter that influences the breakdown behavior. Because a
breakdown field reduction is observed whenever electrodes are applied—compared to the
reference samples without electrodes—other parameters responsible for this phenomenon
are discussed in the following sections.

3.3. Influence of Electrode Stiffness

Figure 6 shows that the breakdown field of the samples with metal electrodes (gold
and nickel) is significantly higher than that of the samples with CB electrodes, regardless of
temperature or humidity. Therefore, the following investigations of possible parameters
influencing the breakdown behavior of the film will only be discussed under standard
environmental conditions (20 ◦C and 55% RH).

An important difference between metal and CB electrodes is the stiffness of the mate-
rial. When a voltage is applied, the Maxwell stress induces a thinning of the membrane
and subsequently an increase in the electric field. In an ideal silicone film, where incom-
pressibility is assumed, the thinning of the membrane will result in an area extension of
the film.

Two parameters generate an electric field increase: the thinning of the dielectric mem-
brane due to the Maxwell stress and the voltage increase due to the experimental procedure.
While soft CB electrodes allow for both of these mechanisms to occur, gold electrodes
are extremely stiff and hence impede the area extension. Because of the membrane’s in-
compressibility, this subsequently strongly suppresses the thinning of the material under
the application of a voltage. In this way, the electric field in the gold electrode case only
increases due to the voltage increase and is thus lower than the electric field, resulting from
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the same voltage with soft CB electrodes. To confirm this theory, two limiting cases are
investigated. One case is a very soft electrode, consisting only of finely milled CB powder.
The other is a rigid electrode. Here, the external measurement electrodes are used, which
adhere to the pure film when voltage is applied, thus restricting expansion. For this case,
the highest breakdown field is expected. The CB powder adds nearly no stiffness to the
film; thus, the lowest breakdown field is expected. Figure 7 shows the breakdown field for
the four discussed configurations. The results confirm the theory that with an increasing
rigidity of the electrode, the breakdown field will also increase.

Figure 7. Comparison of electrodes with different stiffnesses (external-measurement electrodes,
sputtered gold electrodes, screen-printed CB/PDMS electrodes, and finely milled CB powder) and
their influence on the breakdown field at 20 ◦C/55% RH.

Another possible mechanism for the higher breakdown voltage in the case with only
measurement electrodes might be the fact that the contact surface is reduced in comparison
to sputtered electrodes due to surface roughness and potential micro-sized air bubbles.

The previous sections explained the factors that are mainly responsible for the different
breakdown behavior of metal and carbon black electrodes. The following sections will
focus on the material parameters of carbon black electrodes and their possible influence on
the breakdown behavior. Metal electrodes are not included in these sections.

3.4. Carbon Black Electrodes: Influence of Solvents with and without Carbon Black

During the manufacturing process of carbon black electrodes via screen printing,
pad printing, and inkjet printing, solvents are necessary to provide the electrode material
with the viscosity required for the respective process. Even though the solvents are fully
evaporated when the electrodes are cured, an influence on the breakdown during the
manufacturing is possible. This section will investigate a possible influence of solvents on
the breakdown behavior of the DE membrane under standard environmental conditions.

First, the breakdown effect of the three solvent mixtures used for screen printing, S1
(50% Belsil/50% VD60), pad printing, S2 (50% Iso-octane/50% Isopropanol), and inkjet
printing, S3 (OS2), was studied. These tests were conducted on twelve test frames, four for
each mixture, pre-stretched with Elastosil 2030/20 μm, identical to the frames prepared in
the sections above. A total of 0.2 mL of each solvent mixture per test frame was applied
by a syringe along the length of the frame and immediately distributed over an area
of 110 mm × 20 mm using a spatula. Immediately after application, mixtures S1 and S3
led to significant swelling of the membrane, whereas less swelling but the formation of
micro bubbles on the surface of the film was observed using mixture S2. To determine
if these phenomena influence the breakdown behavior and also if they are dwell-time
dependent, two samples of each mixture were heat cured immediately and two samples
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were first stored for 24 h before heat curing at 150 ◦C for one hour. The samples were then
tested in the breakdown tester, and the results are shown in Figure 8. For comparison, the
results of untreated samples are also included in this figure. No significant differences in
the breakdown fields are observed between solvent mixtures, regardless of whether the
solvents remained on the sample before curing or were heat cured immediately. Compared
to the breakdown field of the untreated samples, only a slightly lower breakdown field
(~10 V/μm between medians) is visible. This indicates that the swelling of the membrane
after application and heat curing is only temporary and has no major impact on the
membrane. The solvent by itself is therefore not the sole parameter responsible for the
different breakdown behavior of sputtered metal electrodes and carbon black electrodes,
but it may have an influence when carbon black is added to the mixture.

Figure 8. Influence of different solvents and their dwell time before heat curing at 150 ◦C on the
breakdown field of Elastosil 2030/20 μm.

To investigate the influence of the solvent mixtures in the presence of carbon black,
0.5 g of CB was added to 6 g of each solvent mixture and processed in a planetary mixer.
A planetary mixer was chosen because the different volatilities of the solvents would
result in different evaporation rates when processed in a three-roll mill. The CB/solvent
mixtures were manually applied using a stencil and a spatula. As in the test conducted
above, two frames of each mixture were immediately heat cured, and two frames were
stored 24 h before heat curing at 150 ◦C for 1 h. A picture of the electrode dots on the
film as well as the breakdown results are shown in Figure 9. The addition of CB to the
solvents has a significant impact on the breakdown field, regardless of the solvent mixture
or dwell time, lowering the breakdown field by 40%. This phenomenon can be explained
by two different mechanisms. On the one hand, the soft electrode layer covers the entire
surface and thus detects all irregularities and changes in the thickness of the film, which
are specified by the data sheet to +/−5%. The breakdown field will therefore always be
determined by the thinnest spot of the film. Second, as discussed above, when solvents
are applied to the membrane, swelling of the membrane or the forming of small bubbles
on the surface are observed. When CB particles are present, it allows the particles to
embed into the membrane, effectively thinning the dielectric layer. A calculation of the
thickness reduction of the dielectric layer based on the difference in the breakdown field
of the pure film (median 180 V/μm) and the film with the CB/solvent electrodes (median
110 V/μm) results in a reduction of 4.5 μm, or a 2.25 μm layer of embedded CB particles on
each side. Even though the primary aggregate size of conductive carbon blacks is in the
nanometer range, conglomerates > 150 nm up to micrometer structures form when solvents
are added [56,57].
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Figure 9. Influence of different solvents mixed with CB powder (without milling), dwelling time
before heat curing on the breakdown behavior, and a picture with electrodes applied by hand using
a stencil.

The results of Figure 9 are now compared to the results at the standard environmental
conditions of Figure 4 to determine whether the lower breakdown field of the manufactured
CB electrodes is solely a function of the solvent/CB mixtures, or if additional material
parameters influence the breakdown behavior as well. Therefore, each solvent mixture
is compared to the respective manufacturing method using this solvent. The results are
shown in Figure 10, where the CB/solvent and manufacturing method for each solvent are
combined in one box for better comparability. It is clearly visible that the breakdown field
of all three manufactured electrodes is considerably higher than that of the CB/solvent
mixture, indicating that not only do carbon black and solvents have an impact on the
breakdown behavior but also that other manufacturing or material parameters are relevant
as well. Two additional parameters possibly influencing the breakdown are (i) the fineness
of the carbon black particles used in the process and (ii) the amount of PDMS added to the
electrode material. Both will be investigated in the next sections.

Figure 10. Influence of three solvent mixtures in CB powder and processed in their respective
manufacturing method on the breakdown behavior.

3.5. Influence of Carbon Black Processing

Section 3.4 discussed the importance of investigating a possible impact of the fineness
of the CB particles in the applied electrodes on the breakdown behavior. Because CB
particles agglomerate when blended with most liquids, a grinding process is necessary to
break down the agglomerates to smaller sizes. The grinding process was different in the
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three manufacturing methods. Though the process is explained in Section 2.1 and in the
references, a short comparison is necessary for a better understanding: the CB/solvent
electrodes used in Section 3.4 were mixed using a planetary mixer; the CB for pad printing
was also mixed using a planetary mixer, but steel balls were added to increase grinding. The
CB in the screen-printing electrodes was first mixed in a planetary mixer and subsequently
milled in a three-roll mill. Lastly, the CB for the inkjet formulation was first ground in a
three-roll mill and subsequently sonicated in an ultrasound bath, with a 10 min waiting
period for the larger particles to settle down before decanting. The fineness of the CB
mixtures increases from CB/solvent to inkjet formulation in the order above.

The experiments were conducted on electrodes consisting of carbon black, and the
solvent with the lowest vapor pressure, S1, was processed with the planetary mixer as
an example of a coarser blend and a three-roll mill as an example for a finer blend. To
investigate the influence on the membrane when no swelling from the solvents occurs, the
experiments were additionally conducted with a CB/distilled water mixture. Both sample
sets were prepared in the same way and heat cured at 150 ◦C for 1 h.

The results in Figure 11 show a higher breakdown field when the carbon black is more
finely milled than in the coarser samples. While this effect is only small in the electrodes
with solvents, it is considerably more pronounced in the electrodes without solvents. A
possible explanation could be that due to the swelling of the membrane, when in contact
with solvents, CB particles can be embedded in the surface layer of the PDMS membrane,
and the difference between very fine and coarser particles will not be as pronounced.
Without solvents and no swelling, however, the particles will stay on the surface of the
membrane. Larger particles could damage the film more when an electric field is applied,
probably due to the sharp edges and higher imprint. If the CB powder is very fine, the
damaging effect on the film is likely reduced and a higher breakdown field than for the
fine CB particles and solvents is achieved. The presence as well as the processing of the
carbon black is an important parameter to influence the breakdown behavior of a DE.

Figure 11. Influence of carbon black particle fineness on the breakdown behavior of Elastosil 2030/20.
Particles were either mixed in a three-roll mill for a very fine homogeneous distribution or mixed
using a planetary mixer, obtaining a slightly coarser structure.

3.6. Influence of Silicone Content (PDMS)

The influence of solvent and carbon black has been investigated, and the last im-
portant material parameter to study is the silicone content. The silicone content in the
electrode mixtures varies depending on the manufacturing method. The highest PDMS
content—90 wt.% after curing—is used in pad printing. The screen-printed electrodes
consist of 75 wt.% PDMS, and the inkjet electrode material is not mixed with PDMS at all
but with a silicone polyglucoside dispersant (~60 wt.% after solvent removal).
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The study in this section was conducted on mixtures containing four different PDMS
concentrations—0 wt.%, 45 wt.%, 75 wt.%, and 90 wt.%—after curing (without solvents). A
stock mixture of CB and PDMS was prepared using a planetary mixer and was subsequently
milled in a three-roll mill. The required test concentrations were then blended with PDMS
using the planetary mixer. The electrode dots containing PDMS were applied using the
screen-printing method. The electrodes without silicone were not processable in a screen
printer and were applied as described above using a stencil. All the samples were cured at
150 ◦C for one hour. The results are depicted in Figure 12 and show a significant impact of
the PDMS content in the electrodes on the breakdown behavior.

Figure 12. Influence of silicone content in the electrode matrix on the breakdown behavior of Elastosil
2030/20 at 20 ◦C/55% rel. humidity in wt.%. All electrodes except Cf-0%Si are applied by the
screen-printing method.

The breakdown field increases with an increasing PDMS content, from a median
of 109 V/μm without silicone to 136 V/μm in the mixture with 90 wt.% silicone. This
could be explained by the fact that the higher the silicone content, the more the particles
are embedded in the silicone structure, and damage due to sharp particles is reduced.
Furthermore, less CB particles are directly located on the surface but are enclosed in the
dielectric matrix. This proposed explanation is in agreement with the results of Section 3.5,
where finely milled CB dust present on the top of the film and not embedded in the silicone
also leads to lower breakdown fields. It should be mentioned, however, that this is only an
observation regarding the breakdown field. A higher PDMS/carbon black ratio has not
only the advantage of the higher breakdown field and better attachment to the film but also
the disadvantage of a lower electrical resistance, as discussed in detail by Willian et al. [58].

4. Conclusions

This paper presented results on the dielectric breakdown of silicone-based electroactive
polymer actuators to give a comprehensive understanding about breakdown-influencing
parameters. A particular focus was on the effects of electrode composition and electrode
manufacturing. These results will allow for a comparison and interpretation of results
from different published studies, using these results to better design given applications.
As previous work [19] indicated a significant impact of the presence of electrodes on the
PDMS membrane, it is important to understand which parameters influence the electric
breakdown behavior. This paper focused on a systematic study of different electrodes
including gold- and nickel-sputtered electrodes as well as carbon black-based electrodes
applied by widely used manufacturing methods such as screen printing, pad printing,
or inkjet printing. In addition to a systematic comparison of the different materials, the
present work also studied the effect of environmental parameters, such as temperature and
humidity, on the breakdown behavior.
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We found that adding electrodes lowers the breakdown field compared to films with-
out electrodes. The effect, however, is low for sputtered metal electrodes but significant
when carbon black electrodes are applied, reducing the breakdown field by up to 30%. Pos-
sible parameters responsible are identified as the mechanical impact during manufacturing,
the stiffness of the electrode, and material parameters. Material parameters include the
used solvent, carbon black processing, and the silicone content. They were investigated
and discussed in detail.

The mechanical impact due to direct contact with the membrane during screen printing
and pad printing has no effect on the breakdown behavior compared to inkjet printing,
where no direct contact is present. The influence of the electrode stiffness is clearly visible,
showing that breakdown tests using stiff metal electrodes yielded a higher breakdown field.

Further investigations should focus on material parameters used for carbon black
electrode manufacturing, because these electrodes are common for actuator and sensor ap-
plications and are applied by fast and scalable processes. Different manufacturing methods
require different solvents, thus the solvent mixtures used during the three manufacturing
methods were investigated separately. The data indicate only a minor influence of the
solvents on the breakdown field, regardless of the dwelling time on the film before curing.
When carbon black is added to the solvents, however, the breakdown field is reduced by
up to 40%. This effect is slightly improved when the fineness of the carbon black particles
is increased, e.g., through processing in a three-roll mill. Another important parameter
influencing the breakdown behavior is the silicone content in the electrode material. The
breakdown field is significantly increased when silicone is added to the electrode material
and increases with increasing silicone content.

The study on the influence of various environmental conditions was carried out for all
types of electrodes with temperatures between 1 ◦C and 80 ◦C and humidities ranging from
10%RH to 90%RH. An increasing breakdown behavior with an increasing temperature and
decreasing humidity was observed for all electrode types.
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Abstract: Silica is used as reinforcing filler in the tire industry. Owing to the intensive process of silica
production and its high density, substitution with lightweight bio-based micro fibrillated cellulose
(MFC) is expected to provide lightweight, sustainable, and highly reinforced tire composite. MFC was
modified with oleoyl chloride, and the degree of substitution (DS) was maintained between 0.2 and
0.9. Subsequently, the morphology and crystallinity of the modified MFC were studied and found to
be significantly dependent on the DS. The advantages associated with the use of the modified MFC
in synergy with silica for the reinforcement of styrene butadiene rubber (SBR) nanocomposite was
investigated in comparison with silica/SBR compound. The structural changes occasioned by the DS
values influenced the processability, curing kinetics, modulus-rolling resistance tradeoff, and tensile
properties of the resultant rubber compounds. We found that the compound made with modified
MFC at a DS of 0.67 (MFC16) resulted to the highest reinforcement, with a 350% increase in storage
modulus, 180% increase in Young‘s modulus, and 15% increase in tensile strength compared to the
referenced silica-filled compounds. Our studies show that MFC in combination with silica can be
used to reinforce SBR compound for tire tread applications.

Keywords: micro fibrillated cellulose; surface functionalization; silica reinforcement; nanocomposite;
elastomer

1. Introduction

There is a huge drive to replace petrochemical-based materials with renewable re-
sources in various applications (e.g., packaging, glass-fiber-reinforced composites, tire
compounds, etc.). For example, the tire industry utilizes vast amounts of non-renewable
fillers for reinforcement, such as carbon black and silica. Carbon black is derived from
fossil fuel, and silica is derived from minerals. Apart from their non-renewable nature,
silica has an undesirably high density, and its production is both time and energyconsum-
ing [1–3]. Cellulose and cellulose derivatives such as micro fibrillated cellulose (MFC)
constitute abundant, inexpensive, lightweight, and renewable fillers [4,5] compared to
carbon black and silica. The potential use of cellulosic derivatives as a reinforcing filler
has been demonstrated in several publications [6–8]. The drawback of cellulose is its
hydrophilic character, which results to poor dispersion and weak interfacial adhesion when
incorporated in hydrophobic polymer for composite fabrication. Therefore, modification
of cellulosic fibers is necessary to avoid these drawbacks for improved performance of
cellulose-based composites.

The use of modified cellulose fibers in combination with the currently used fillers
could be a robust approach targeted at incorporating MFC and gradually phasing out non-
renewable fillers. This could be achieved by the addition or partial substitution of silica
and carbon black with MFC, which may lead to a more sustainable design of innovative
compounds useful for the tire industry. In this respect, our group has demonstrated recently
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that a combination of fillers within styrene butadiene rubber (SBR)-based nanocomposites
results in novel mechanical reinforcement behavior [9]. Therefore, the use of bio-sourced
micro fibrillated fibers such as MFCs in combination with silica in rubber could possibly
enhance the synergy previously observed between silica and anisotropic structures.

Cellulose fibers and other cellulose derivatives have been combined with silica and
carbon black in rubber matrices with very promising results [10–13]. These studies showed
that the dispersion and mechanical properties would need to be improved when the matrix
is highly hydrophobic, such as SBR. The high hydrophobicity of SBR would therefore
require an efficiently modified MFC to fit as a reinforcing agent. The modification process of
MFC often leads to loss of crucial fiber properties [14] which are needed for reinforcement.

A limited number of studies have been dedicated to filled rubber compounds pre-
pared by melt mixing MFCs into elastomers. One study was reported in 2018 [15] using
a melt-mixing process with chemically modified freeze-dried MFCs in SBR. The freeze-
dried MFCs were esterified with palmitoyl chloride or 3,3′dithiopropionic acid chloride
using a gas-phase protocol and subsequently incorporated into rubber elastomers using
an internal mixer. This result demonstrated that hydrophobized MFCs could be success-
fully incorporated into rubber elastomers using current industrially applied melt-mixing
processes. The properties of the resulting MFC composite were promising. However, the
freeze-drying processing before and after the surface functionalization of MFCs cannot be
easily upscaled for large-scale industrial production. Also, the storage modulus offers the
possibility of improvement.

Water removal is required for MFC modification and is crucial, as several modification
reactions are sensitive to moisture. Optimizing the process of water removal by avoiding
freeze or oven drying is important to reduce cost and preserve the fibrillar morphology,
which is desirable for high levels of reinforcement. Alternatively, there are reports of
hydrophobic modification of cellulose derivatives that are not sensitive to water [16,17].
However, they are governed by reaction equilibria, the use of excess reactants, and low
reaction yield, which negatively impact on reproducibility. These processes would be
difficult to upscale, with reproducibility and cost as the main drawbacks. These studies,
at best, present the potentials of MFCs and do not outline key aspects that can translate
laboratory results into industrial compounds. One of the disconnects between laboratory
experiments and industrial manufacturing is the effective replication of processing condi-
tion. We considered these drawbacks in our studies and went a step further to study the
processability of the fabricated compounds, which is crucial for upscaling.

In this study, we developed a scalable process using modified MFCs to substitute
different amounts of silica in MFC/Silica/SBR nanocomposites. The MFCs were modified
with oleoyl chloride at various degrees of substitution (DS) to hydrophobize the MFC
surface and facilitate dispersion in the SBR matrix. The same role can be assigned to TDAE
oil, which facilitates the incorporation of filler into polymeric matrices. Therefore, we
modulated the amount of processing oil in the recipe to compensate for a higher DS while
maintaining a filler level needed to meet the percolation threshold. MFC modification
started with solvent-exchanging MFCs slurry from water to DMAc using a rotary evapora-
tor. Thereafter, the MFCs were functionalized and studied with FTIR, XRD, SEM, and TGA.
Finally, the modified MFCs were melt-mixed with nanosilica and SBR in a Brabender inter-
nal mixer. The properties of the resulting composites were studied to understand the effect
of the DS, TDAE oil, and filler amount on the mechanical properties and processability of
the resultant elastomeric compounds.

2. Materials and Methods

2.1. Materials

Micro fibrillated cellulose (MFC) slurry (Exilva F01V) with solid content of about
12 wt.% was purchased from Borregaard, Sarpsborg, Norway. Dimethylacetamide (DMAc)
and tetrahydrofuran (THF) were purchased from Carl Roth (Karlsruhe, Germany). Oleoyl
chloride (>89%) and anhydrous pyridine were purchased from Sigma-Aldrich (St. Louis,
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MO, USA), while polybutadiene (PB), styrene butadiene rubber (SBR), treated distillate aro-
matic extract (TDAE oil), zinc oxide, stearic acid, nano silica (200 nm), Bis(triethoxysilylpropyl)
disulfide (TESPD), N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine (6PPD), sul-
fur, 2-mercaptobenzothiazole (MBT), diphenyl guanidine (DPG), and N-cyclohexyl-2-
benzothiazylsulfenamide (CBS) were provided by Goodyear Tire and Rubber Company,
Luxembourg.

2.2. MFC Modification

The esterification of MFCs with oleoyl chloride was carried out in DMAc solution
after solvent exchanging the MFC slurry from water to DMAc using a rotary evaporator.
The reaction shown in Figure 1 is an addition/elimination reaction wherein the fatty acid
derivative is grafted on the hydroxyl groups of MFCs, with the formation of pyridinium
chloride as a byproduct. The process used about 15 g MFCs slurry dispersed in 150 g DMAc
with a high shear homogenizer for 5 min to form a homogeneous MFC slurry. The MFC
slurry was then concentrated using a rotary evaporator under a vacuum of 50 mbar and
a temperature of 80 ◦C until 80–90 g water had been evaporated. Subsequently, an equal
amount of DMAc (80–90 g) was poured into the concentrated MFC slurry, and the mixture
was further homogenized with a homogenizer for 1 min at 15,000 rpm. The new MFC slurry
was concentrated using a rotary evaporator at an elevated vacuum of 20 mbar at 90 ◦C until
half of the initial mass had been lost. The final MFC in DMAc solution for esterification was
obtained by further homogenization in DMAc with an adjusted concentration of 1% dry
matter content of MFC. The wight of MFC was determined gravimetrically after drying the
solution under 100 mbar at 105 ◦C for 24 h.

 

Figure 1. Schematic drawing for the esterification reaction between cellulose and oleoyl chloride.

After the solvent exchange, the esterification of MFC proceeded by adding a certain
amount of pyridine, MFC/DMAc slurry, and oleoyl chloride in a reaction chamber under a
nitrogen atmosphere and stirred at 90 ◦C and 1000 rpm for 24 h using a Carousel Tornado
overhead stirring system. The molar ratio of the oleoyl chloride/OH group of MFCs
was between 0.3 and 0.9, and the molar ratio of oleoyl chloride/pyridine was 1.0. After
esterification, the modified MFCs were washed three times with THF using a centrifuge.
The degree of substitution (DS) of modified MFCs was determined based on the gained
mass of the modified MFCs and the initial mass of MFCs before esterification [18]. By
varying the molar ratio of the oleoyl chloride/OH group of MFCs, modified MFCs with
low DS (LDS) of 0.24, medium DS1 (MDS1) of 0.49, medium DS2 (MDS2) of 0.67, and high
DS (HDS) of 0.91 were obtained.

2.3. Composite Preparation

The compounding of rubber composites was performed using a HAAKE PolyLab OS
internal mixer (Thermo Scientific) with a mixing chamber volume of 85 cm3 according to the
recipes shown in Table 1 and the formulation shown in Table 2. The Applied compounding
parameters are described in Figure 2.
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Table 1. The general composition of the rubber compounds.

Stage Composition Amount (phr)

NP1

Polystyrene butadiene 80
Polybutadiene 20

TDAE oil 3.75–25
Zinc oxide 0.5
Stearic acid 3

Silica 50–80
MFCs 10

NP2

6PPD 2.5
TESPD silane 8

Silica 15

PR

Zinc oxide 2
Sulfur 1.1
MBT 0.3
DPG 3.2
CBS 2.3

Table 2. Rubber compounds and their compositions.

Type of MFC
Degree of Substitution

(DS)

Amount (phr)

Silica MFCs TDAE

Control / / 80 0 25
MFC14 LDS 0.24 70 10 21
MFC15 MDS1 0.49 70 10 17
MFC16 MDS2 0.67 70 10 14
MFC17 HDS 0.91 70 10 10
MFC18 HDS 0.91 60 10 10
MFC19 HDS 0.91 60 10 3.75
MFC20 HDS 0.91 50 10 10

 
Figure 2. Applied compounding parameters, including rotor speed and temperature of the mixing
chamber in the NP1, NP2, and PR stages.

The compound-filling factor was set at 0.75, corresponding to a volume of 63.75 cm3.
The temperature of the mixer was set and maintained at 80 ◦C for the NP1 and NP2
stages and 60 ◦C for the PR stage. Between mixing stages, the compounds were further
homogenized by being passed through a two-roll mill 6 times with a roller rotation speed
of 32 rpm, then through another roller at a speed of 24 rpm with a gap of 2 mm. A total
of 8 batches of compounding were performed with different amounts of silica, chemically
modified MFCs, and TDAE processing oil (shown in Table 2). An amount of 50 g of the
processed green compounds was vulcanized under hot pressing at 150 ◦C and 170 bar for
30 min.
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2.4. Characterizations
2.4.1. Chemical Composition Analysis

Chemically modified MFCs were ground with a microfine grinder (IKA, MF 10.1;
IKA®-Werke GmbH, Breisgau, Germany) through a 1 mm screen. Ground samples were hy-
drolyzed using a two-step sulfuric acid process [19]. After acid hydrolysis, the hydrolysate
was collected for monosaccharide analysis, and Klason lignin content (acid-insoluble
residues) was gravimetrically determined. The chemical composition of the hydrolysate
was analyzed by high-performance anion-exchange chromatography with pulsed ampero-
metric detection (HPAEC-PAD) [20].

2.4.2. Attenuated Total Reflectance–Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR analyses of unmodified and chemically modified MFCs were carried out
using a Thermo Scientific Nicolet iS50 FT-IR spectrometer. For the analysis, unmodified
and chemically modified MFC films were applied to a diamond cell, and the transmission
spectra between 400 and 4000 cm−1 were measured at room temperature.

2.4.3. X-Ray Diffraction (XRD)

X-ray diffraction was performed on unmodified and modified MFCs using a Bruker
AXS X-ray diffractometer equipped with a filtered Cu Kα radiation source (λ = 0.1542 nm)
at an operating voltage and current of 45 kV and 40 mA, respectively, using a 2D detector.
The sample crystallinity index (CI, %) was calculated from the XRD spectra using the
Segal method based the height of the 200 peak (I200, 2θ = 22.7◦) and amorphous peak at
2θ = 18◦ (IAM) between the 200 and 110 peaks (Equation (1)) [21]. I200 represents the sum of
crystalline and amorphous material, while IAM represents amorphous material only.

CI(%) =
I200 − IAM

I200
(1)

2.4.4. Morphological Characterization

Unmodified and modified MFCs were first deposited on a STEM grid of a carbon
film deposited on 400 mesh Cu. The morphology of MFCs was subsequently observed
using a focused ion beam (FIB) scanning transmission electron microscope (STEM) under a
transmission mode operated at 30 kV.

2.4.5. Thermogravimetric Analysis (TGA)

Dynamic thermogravimetric measurements were performed using a Discovery TGA
TA instrument (New Castle, DE, USA). Temperature programs for dynamic tests were run
from room temperature to 700 ◦C at a heating rate of 10 ◦C/min. The tests were carried out
under a nitrogen atmosphere (25 mL/min) and in an air atmosphere (25 mL/min).

2.4.6. Moving Die Rheometer (MDR)

The curing behavior of the prepared compounds was evaluated by MDR with an MDR
2000 rheometer (Alpha Technologies, Bellingham, WA, USA) at a frequency of 1.667 Hz,
a strain of 0.5 degrees, and a temperature of 160 ◦C for 60 min. Samples were 43 mm in
diameter and 2 mm thick.

2.4.7. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical testing was carried out on a GABO Eplexor DMA. The tem-
perature dependence of the viscoelastic properties were measured from −80 ◦C to 80 ◦C
at a frequency of 10 Hz, dynamic strain amplitude of 0.5%, and static strain of 1%. The
temperature was increased in steps of 1 ◦C, and the sample was thermally equilibrated
before testing at each temperature. A 150 N load cell was used to perform measurements
on cured rubber with a rectangular specimen geometry of 6.35 mm × 37 mm × 2 mm. The
phase angle (δ) and E*, which is the magnitude of the complex modulus, were directly
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determined by testing. Then, the storage modulus (E′), loss modulus (E′′), and tan delta
(tanδ) were calculated according to the following formula.

E′ = E* × cosδ; E′′ = E*× sinδ; and tanδ = E′′/E′ (2)

2.4.8. Tensile Test

Tensile specimens were cut from the 2 mm thick cured rubber sheets in the mill
direction using a DIN 53504-S2 (22) cutting die with a gauge length of 50 mm and a width
of 4 mm. The tensile testing of each specimen was performed using an Instron Model 5864
Electro-Mechanical Test Instrument with a 1 kN load cell (Instron Corp., 2525–806 1 kN;
Norwood, MA, USA). Each specimen was extended at a crosshead rate of 200 mm/min
until the break. The tensile measurements were conducted by testing 3 specimens for each
sample under ambient conditions; standard deviations of the results are presented in the
relevant section.

3. Results and Discussion

3.1. ATR-FTIR Analysis

Oleic modified MFC (OL-MFC) was synthesized by reacting oleoyl chloride on the
hydroxyl groups of MFCs in pyridine (Figure 1). An excess amount of oleoyl chloride was
applied to achieve OL-MFCs with various degrees of substitution (DS = 0.24–0.91). The
success of the esterification modification of MFCs was confirmed by FTIR spectroscopy
(Figure 3). Compared with the FTIR spectra of unmodified MFCs, the characteristics of
grafted ester pendant groups indicated by a carbonyl C=O stretching vibration at 1740 cm−1,
antisymmetric C-O-C stretching at 1230 cm−1 [22], and alkenyl C=C stretching at 3010 cm−1

were observed for all modified MFCs, confirming the successful modification of MFCs
with oleoyl chloride. With the increase in DS, an increase in the intensity of the carbonyl
C=O peaks, the peaks at 3010 cm−1 assigned to C=C stretching, and the peaks at 2928 and
2849 cm−1 assigned to C-H stretching vibrations was observed. The increased intensities
confirmed the more pendant groups of oleoyl chloride were grafted onto the MFC backbone.
Furthermore, the low intensity of O-H at 3400 cm−1 demonstrates that large OH groups on
the modified MFCs were replaced with the hydrophobic aliphatic chain of oleoyl chloride.

 

Figure 3. FTIR spectra of untreated MFC and chemically modified MFC with different degrees of
substitution (DS).

3.2. XRD Analysis

The unmodified MFCs exhibited very high cellulose content of up to 95% as indicated
by glucan content (Table 3) and low hemicellulose content of about 3% (indicated by xylan
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and mannan) and low Klason lignin of 0.3%. As a result, a high crystallinity index (CI)
of up to 75% for the cellulose-rich MFCs was measured (Figure 4), which is consistent
with what has been reported for unbleached pulps and MFCs produced from unbleached
pulps [23–25]. The XRD patterns shown in Figure 4 indicate the transformation of the
cellulose crystal structure with an increase in DS after chemical modification. As can be
seen from the spectra, the unmodified and OL-MFC-LDS samples exhibit a similar and
typical cellulose Iβ crystalline structure with characteristic peaks at 2θ = 14.9◦, 16.7◦, 20.6◦,
22.7◦, and 34.4◦ for the 110, 110, 021, 200, and 004 diffraction planes, respectively [21,26].

Table 3. The chemical compositions of unmodified MFCs used in this study.

Amount (%)

Arabinan Galactan Glucan Xylan Mannan Klason Lignin

n.d. n.d. 94.5 (2.8) 2.1 (0.2) 1.2 (0.1) 0.3 (0.2)

 

Figure 4. XRD spectra of unmodified MFCs and chemically modified MFCs with different degrees of
substitutions (A) and crystalline index (CI) values vs. degree of substitutions (B).

With a further increase in DS, two diffraction planes (110 and 110) almost disappeared
in the XRD spectra of the modified MFCs, and the intensity of the peaks corresponding
to the 200 and 004 diffraction planes became weak (Figure 4). In contrast, the peak at
2θ = 20.6◦ corresponding to the 200 diffraction plane increased with increased DS values,
becoming the most intensive peak in the XRD patterns of OL-MFC-HDS.

In addition, the intensity of the peak at 2θ = 18◦, which was attributed to the contribu-
tion of amorphous components of the materials, increased consistently in parallel with that
of the peak at 2θ = 20.6◦. These changes indicate that the crystalline structure of cellulose
was greatly altered when DS was above 0.24. The alteration of the crystalline properties of
MFCs due to high grafting should be avoided, as crystallinity contributes to the mechanical
properties of MFCs and MFC composites. Similar results have been observed for both
heterogeneously [27] and homogeneously [26] modified cellulose fibers. However, the
changes in the intensity at 2θ = 14.9◦ and 16.7◦ are not consistent with the study reported
by Almasi et al. (2015), where the intensity of the two peaks was found to remain constant
during the esterification of freeze-dried MFCs with oleic acid at comparable DS values [18].
This is presumably due to the differences in the conditions applied for the modification.

The unmodified MFCs had the highest CI of up to 75%, while a progressive decrease
in the CI alongside an increase in the DS values of the chemically modified MFCs was
observed. The CI of OL-MFC-LDS was 69%, decreasing to 49% for OL-MFC-MDS1, 36% for
OL-MFC-MDS2, and 21% for OL-MFC-HDS (Figure 4). Interestingly, the CI showed a
negative linear correlation with the DS of modified MFCs, with a slope of −62.5. This
further confirms the damage of the cellulose crystallinity due to the introduction of fatty
acid hydrocarbon chains into the cellulose polycrystalline domains.

29



Polymers 2023, 15, 3937

3.3. STEM Morphology

Chemical modification of MFCs starts with the easily accessible OH groups. Subse-
quently, it proceeds to the amorphous regions of the cellulose at the initial stage, even
with a low dosage of modifier (e.g., OL-MFC-LDS and OL-MFC-MDS1). This results in
modified MFCs with improved swelling capacity in the solvents, alongside a preserved
three-dimensional network morphology (images B and C in Figure 5). Large nanofibrils
were observed on the modified MFCs due to aggregations upon drying (images B and C vs.
image A in Figure 5). The increased swelling capacity of the MFCs in the solvent allows
for the diffusion of reagents and modifiers deep into the amorphous spaces of the fibrils,
followed by esterification with the internally available hydroxyl groups. This contributes to
the disruption of hydrogen bonding between fibrils or cellulose chains [28]. Consequently,
individual fibrils could be separated from the bundles of fibrils, and cellulose chains could
probably be detached from the surface fibrils with extended modification under a high
dosage of chemical reagents (i.e., OL-MFC-MDS2) (image D in Figure 5).

 

Figure 5. STEM images of untreated MFC and chemically modified MFC with different degrees
of substitution ((A)—UT-MFC; (B)—OL-MFC-LDS; (C)—OL-MFC-MDS1; (D)—OL-MFC-MDS2;
(E)—OL-MFC-HDS) (red scale bar in image A represents 10 μm, and images (B–E) have the same
scales; the blue scale bar in image A represents 2 μm, and all magnified images have the same scale).

When the degrees of substitution increased for OL-MFC-MDS2, the disruption in
the OH interaction could not destroy the network structure of the nanofibrils. With a
further increase in the DS value to 0.91 (i.e., OL-MFC-HDS), the network structure and the
micro-fibrillar integrity were entirely lost (image E in Figure 5). There is the possibility that
the disruption of the hydrogen bond network of MFCs at high grafting could degrade the
fibrils and engineer a new type of interaction. A possible Van der Waals type of interaction
could convolute the fibrillar morphology into a new structure, as shown in Figure 5E. At
higher magnification, it appears that the agglomerates are most likely comprised of the
degraded and aggregated fiber and fibril fragments. Degradation of MFCs due to surface
modification was previously reported [29]. A series of chemically modified MFCs with
varied DS values were reported, with convincing evidence that showed a clear evolution in
the morphology of MFCs with extended surface modification. Overall, the evolution of the
morphology of MFCs shown in Figure 5 shows the progressive degradation of nanofibrils
and cellulose chains because of the continuous introduction of fatty acid side chains into
both amorphous and polycrystalline domains of cellulose. These results are consistent with
the changes in the XRD spectra patterns shown in Figure 4.
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3.4. Thermal Stability Analysis

Studies on the thermal stability of the chemically modified MFCs under nitrogen and
air atmospheres are presented in Figure 6. The unmodified MFCs featured a substantial
decomposition around 260–380 ◦C, representing the degradation of the cellulose backbone,
with a minor weight loss below 150 ◦C due to the loss of volatiles and moisture [26,30,31].
The MFCs comprise up to 95% cellulose, with little hemicellulose and lignin (Table 3) and
negligible weight loss at temperatures ranging from 150 to 260 ◦C and above 380 ◦C [32–34]
under nitrogen and air atmospheres.

Figure 6. Thermogravimetric analysis (TGA) of unmodified MFCs and chemically modified MFCs
in a N2 atmosphere (A1,A2) and air atmosphere (B1,B2). (A1,B1) Thermogravimetric (TG) curves;
(A2,B2) derivative thermogravimetric (DTG) curves.

Upon chemical modification, distinct changes in the thermogravimetric analysis (TGA)
and the derivative thermogravimetric (DTG) curves were observed when compared to the
unmodified MFCs. Compared to the unmodified MFCs, the weight loss remained stable
below 150 ◦C, irrespective of the test condition (i.e., air or N2), which may be a result of
the hydrophobic character of the grafted oleoyl groups. A similar finding was reported for
cellulose laurate esters [26]. In a N2 atmosphere (graphs A1 and A2 in Figure 6), similar
degradation behavior above 150 ◦C was observed for all the chemically modified MFCs
compared with that of the unmodified MFCs.

At low DS values up to 0.49, the onset decomposition temperature shifted to a higher
temperature from about 260 ◦C to 300 ◦C, implying an increase in thermal stability after the
esterification reaction. This improvement in thermal stability suggests a rearrangement on
the cellulose backbone to form a new ordered structure because of the long-chain fatty acid
groups [26,35]. However, at very high grafting, the impact on the thermal stability became
pronounced. The high level of grafting possibly led to the degradation of the fibers (STEM
images, Figure 5) because of the large disruption of the MFC microstructure. This likely
exposed the cellulose structure to easy thermal degradation. Although the polycrystalline
structure of cellulose was partially altered or damaged, the results are in line with previous
studies [26,35–37].

On the contrary, the samples with higher DS values (i.e., 0.67 and 0.91) started to
decompose at a lower temperature of about 230 ◦C, which is 30 ◦C lower than that of the
unmodified MFCs. The morphological changes—mainly the rearrangement of cellulose
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chains and their counterparts, as seen in Figure 5—are more likely to be responsible for
the decreased onset decomposition temperature. Different TGA and DTG patterns were
recorded in the air atmosphere due to the oxidation reactions of the attached fatty acid
groups. All the highly modified MFCs remained stable up to 188 ◦C, which is about
70 ◦C lower compared to the 260 ◦C for the unmodified MFCs, and began to decompose
thereafter. The decrease in the initial decomposition temperature is presumably due to
the low stability of double bonds in the attached fatty acid groups [38]. Before the onset
of decomposition, a slight gain of mass was observed because of the uptake of oxygen
at the beginning of the oxidation of the unsaturated bonds [38,39]. The decomposition
rate was almost constant from 200 to 260 ◦C and became substantially higher from 260 to
350 ◦C owing to the progressive oxidation of the remaining alkyl chains attached to the
cellulose. The last decomposition stage was recorded between 350 and 580 ◦C, where the
total oxidation of the carbonaceous residues formed in the former stage occurred [38] in a
dynamic oxidation atmosphere for all samples.

3.5. Compounding and Rubber Compound Properties
3.5.1. Processability Analysis

The processability of modified MFCs was studied from the maximum temperature
(Tm), maximum rotor torque (Tqm), and work done during each stage of compounding
(Table 4). The degree of substitution and the formulations of the modified MFCs had a
considerable influence on the processability of the modified MFCs. Generally, the maximum
temperature, the maximum rotor torque, and the work done in all the mixing stages (NP1,
NP2, and PR) increased relative to the increase in the DS. The Tm and Tqm in NP2 and the
total work done for compounding of the MFC14 sample with OL-MFC-LDS were 139.6 ◦C,
45.6 Nm, and 257.2 KJ, respectively. With an increase in DS for OL-MFC-MDS2 (MFC16),
the values increased to 144.4 ◦C, 47.5 Nm, and 289.9 KJ, respectively, corresponding to 3%,
4%, and 13% compared to MFC14. As the DS further increased in sample MFC17, those
values increased by 5%, 24%, and 20%, respectively, compared to MFC14 (Figure 7).

Table 4. A summary of compounding parameters during each mixing stage for all rubber compounds.

Sample
NP1 NP2 PR Total Work

W (KJ)Tm (◦C) W (KJ) Tm (◦C) W (KJ) Tm (◦C) W (KJ)

Control 147.9 133.8 138.1 117.5 77.6 14.6 265.9
MFC14 141.1 128 139.6 112.9 79 16.3 257.2
MFC15 141.4 142.2 144.2 126.6 80.8 17.7 286.5
MFC16 141.5 143.9 144.4 126.7 80.5 19.3 289.9
MFC17 145.7 152.2 146.8 138.6 81.7 16.8 307.6
MFC18 140.3 136.5 143.4 124 77.4 15.9 276.4
MFC19 143 152.5 147.7 141.7 83.6 19.8 314
MFC20 135.3 117.8 139.1 110.5 78.1 16.4 244.7

 

Figure 7. The changes in the maximum mixing temperature (A), the maximum rotor torque (B), and
work done (C) in different mixing stages with increased DS of chemically modified MFCs (from
MFC14 to MFC15, MFC16, and MFC17).

32



Polymers 2023, 15, 3937

The compounding process demonstrates the exothermic heat of mixing involving
strong interactions between molecules or nano- or micro-sized particles, probably along
with chemical reactions. The increase in the compounding parameters alongside the
increase in the DS values of MFCs attests to the improved interactions between the modified
MFCs and other materials in the mix. The increases in the mixing temperature, rotor
torque, and work done with increased DS values from MFC14 to MFC15 (Figure 7) are
primarily due to the enhanced surface hydrophobicity of MFCs, leading to improved
elastomers/modified MFCs and modified MFC/silanized silica interactions. With further
increases in the DS for MDS2, the increase in those compounding parameters plateaued
(Figure 7), showing that the hydrophobicity of MFCs reached the highest achievable level
without losing the fibrillar network (Figure 5). However, another sharp increase was
observed in those compounding parameters from MFC16 to MFC17 (HDS). This is assumed
to be related to both the enhanced hydrophobicity of MFCs and the significant alteration of
the morphologies. As shown in Figure 5, the supposed delamination of the surface fibers
of cellulose chains and the rearrangement of the cellulose microstructure occurred due to
the enhanced hydrophobicity.

Furthermore, impacts of the silica dosage and the total amount of processing oil on
the compounding parameters were noticed (Table 4 and Figure 8). With the removal of
10 phr silica, decreases in the maximum mixing temperature, the maximum rotor torque,
and work done in the mixing stage of NP1 and NP2 were observed due to the decreasing
viscosity of the mixtures occasioned by the low filler volume, which could also explain the
drop in the mixing temperature [40].

 

Figure 8. Changes in the maximum mixing temperature (A), maximum rotor torque (B), and work
done during compounding (C) with increased total filler volume fraction (from compound MFC17,
to MFC18 and MFC20).

3.5.2. MDR Analysis

The cure characteristics of the compounds were studied using a moving die rheometer
(MDR), as presented in Table 5 and Figure 9. The maximum torque (Tmax) represents the
achieved crosslink density and the degree of reinforcement of the filler in the matrix. The
minimum torque (Tmin) alludes to the viscosity of the green compounds and the interactions
between the fillers and the matrix. It can be observed that the DS of the modified MFCs
impacted the maximum and minimum torque, which increased with increasing DS and
filler volume fraction. This can be attributed to the possible contributions of the double
bonds of the aliphatic chains to the vulcanization reaction. Thereafter, the Tmin and Tmax
torque plateaued when DS values were above 0.67 (i.e., OL-MFC-MDS2). The progressive
increase in the maximum and minimum torque with the increase in filler volume fraction
is simply due to the increased crosslink contributions of the increase in filler volume.
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Table 5. Vulcanization characteristics of each rubber compound measured by a moving die rheometer
(MDR).

Sample
Min Torque (Tmin)

(Nm)
Max Torque
(Tmax) (Nm)

25% Cure
T25 (min)

Optimum Cure
T90 (min)

Control 2.9 23.5 4.6 20.5
MFC14 2.9 22.3 6.1 22.5
MFC15 3.7 27.3 5.5 22.3
MFC16 4.0 28.2 5.1 22.5
MFC17 4.2 29.0 6.0 24.3
MFC18 3.3 25.5 5.3 23.0
MFC19 4.5 29.6 4.7 22.0
MFC20 2.9 23.5 4.6 20.5

 

Figure 9. Changes in the maximum torque, minimum torque, T25, and T90 with increased DS values
of the modified MFCs (A) and with increased filler volume fraction (B). (T25, time required for 25% cure
development; T90, time required for 90% cure development).

The changes in the cure kinetics at 25% cure (T25) and optimum cure time (T90) were
observed to be partly influenced by the DS and filler volume fraction, as compounds with
modified MFC showed a distinct behavior relative to the control. The t25 maintained a
duration of 4.6–6.1 min relative to the control, regardless of the degree of substitution. It
was also observed that the optimum cure time of the compounds with modified MFCs
reached 24.3 min compared with the control (20.5 min). This can likely be attributed to
the low reactivity of the fatty acid modifier with other crosslinking agents (e.g., TESPT
silane and sulfur), especially when a high dosage of the modifier was incorporated (i.e., for
high DS of MFCs). The contributions from the aliphatic double bonds to the crosslinking
may have also further delayed the curing time, requiring more time to utilize the double
bond in the crosslinking process. Furthermore, the progressive increase in t25 and t90 as
filler loading increased is presumably due to the increased in surface area because of the
high filler loadings [40,41]. Overall, the highest optimum cure t90 was achieved at about
24 min. Therefore, it would be advantageous to maintain a cure window not exceeding
30 min at the same curing temperature (i.e., 150 ◦C). This would result in good compound
performance and avoid overcuring with possible reversions.

3.5.3. Rubber Process Analysis (RPA) and Dynamic Mechanical Analysis (DMA)

The dynamic mechanical behavior of the fabricated MFC/silica/SBR rubber com-
pounds was studied and compared with that of a silica/SBR compound as a control.
Figure 10 shows the normalized tangent delta (TD) alongside the storage modulus (G′) at
1% and 10% strain. An ideal compound is required to have an acceptably high level of
stiffness (G′) and low tangent delta (TD). These properties change during strain-imposed
deformation because of the filler network breakdown. It can be observed that compounds
with higher stiffness (G′) tend to have a higher TD and vice-versa. The tradeoff between
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stiffness and damping at 1% strain presented MFC19 as a compound with interesting
behavior. A further increase in the strain to 10%, indicated MFC18 and MFC19 as having a
better tradeoff compared to the control. These changes along the progressive low strain
demonstrate the extent of filler network breakdown and recovery described as the Payne
effect [42,43]. At low strain up to 10%, good stiffness and TD were retained for MFC18 and
19 compared to the control. This is an indication that the filler network of these compounds
was resilient and was not subject to considerable damage. A low Payne effect such as that
seen in these compounds could be useful for tire tread applications because the tread is
subjected to dynamic deformations and requires compounds with low energy dissipation
resulting from filler network breakdown. These properties were achieved by modulating
the DS and compound recipe for a better tradeoff. The two compounds were made with
20 phr less silica compared to the reference. Eventually, a reasonable level of stiffness
was maintained while keeping an acceptable level of TD. The stiffness could be further
enhanced at low filler loading by reducing the TDAE oil. These results demonstrate that
a percolation threshold needed for reinforcement can be achieve at low filler loading by
substituting 10 phr of modified MFC with 20 phr of silica.

 
Figure 10. Normalized TD (10%) versus G′ (10%) (A) and G′ (1%) (B) for silica/chemically modified
MFC hybrid rubber composites measured using an RPA.

The high level of stiffness observed in some compounds (MFC15, 16, and 17) offers new
opportunities for applications of MFC-reinforced polymer in aspects of tires not requiring
high damping properties.

The behavior of the compounds was further studied at different temperatures. Some of
the properties studied include the tangent delta at 60 ◦C, which is used as a rolling resistance
indicator [44], and the tan delta at 0 ◦C, which is used as an indicator for wet traction [45],
as well as the modulus of the compounds at 30 ◦C. The influences of DS of MFCs and filler
loadings on the modulus, rolling resistance, and wet traction of the compound are shown
in Table 6. Above a DS of 0.67 (MFC16), a decrease in the modulus was observed. This
reduction in the modulus could possibly be attributed to the loss of the reinforcing fibrillar
properties of the MFC due to grafting. A progressive loss of crystallinity and compromised
morphology were observed. These crucial fiber properties are important determinants
of the properties of the final compound, especially the modulus. Given the comparable
values of the tan delta of the modified MFC and control, an appreciable decrease in Tg
of the compounds made with MFCs provides greater flexibility for applications. The low
Tg values of the MFC compounds are probably due to the low Tg of the fatty acid modifier
compared to that of the TDAE processing oil [46].

The improved modulus compared to the control also confirms the high reinforcing
efficiency of the MFCs in the elastomeric matrix. Alongside the appropriate degree of
substitution (not compromising the fiber properties), the modulus can be enhanced by
good interfacial adhesion [47,48].
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Table 6. Dynamic mechanical analysis (DMA) results for the referenced rubber compounds and the
rubber compounds with chemically modified MFC fibers.

Sample Tg (◦C) TD (0 ◦C) TD (60 ◦C) E′ (MPa, 30 ◦C)

Control −21.8 0.306 0.081 12.6
MFC14 −24.0 0.258 0.095 20.5
MFC15 −24.2 0.228 0.107 36.2
MFC16 −24.8 0.205 0.111 56.3
MFC17 −23.6 0.241 0.097 29.7
MFC18 −23.1 0.249 0.084 21.5
MFC19 −23.1 0.236 0.087 28.8
MFC20 −23.3 0.237 0.080 17.6

3.5.4. Tensile Properties

The stress–strain behaviour of all investigated samples is shown in Figure 11 and
tensile properties shown in Table 7. Three typical tensile behaviors were observed (graph A
in Figure 11). The first behavior (type I) of the referenced silica-filled SBR/PBD compound
is characterized by strain-dependent modulus indicated by an upturned curve, leading
to increased slope as the strain increases, which could be due to the limited chain exten-
sibility [43]. The second behavior (type II) is linearly elastic, corresponding to a straight
stress–strain curve. The last behavior (type III) includes some plastic flow, as indicated by
a slightly bent curve at low deformations (1–50%), followed by linearly elastic behavior
until failure.

 

Figure 11. Tensile curves of (A) dominant tensile behavior of MFC/silica/SBR and silica/SBR
compounds; (B) tensile evolution of the control, MFC14, 15, 16, and 17; and (C) tensile curves of
MFC17, 18, 19, and 20.

Table 7. Tensile properties of rubber compounds with chemically modified MFC fibers. Values are
shown as mean (standard deviation).

Sample Tensile Strength (MPa) Young’s Modulus (MPa) Strain (%)

Control 13.1 (0.5) 3.8 (0.0) 277.1 (6.9)
MFC14 14.2 (0.4) 3.4 (0.1) 343.2 (5.7)
MFC15 13.4 (1.2) 4.7 (0.3) 245.2 (13.3)
MFC16 15.0 (0.7) 4.7 (0.1) 243.9 (10.0)
MFC17 14.8 (1.2) 5.1 (0.1) 251.8 (24.4)
MFC18 12.4 (0.6) 4.2 (0.1) 233.3 (11.0)
MFC19 13.8 (0.8) 5.8 (0.1) 198.5 (12.0)
MFC20 11.5 (0.6) 3.7 (0.1) 238.4 (15.6)

The compound with the lowest DS (i.e., MFC14) exhibited type II behavior. However,
an increase in the DS of MFCs resulted to compounds showing some plastic deformation
at low strains (1–50%, type III behavior). The plastic deformation at low strains became
the most pronounced for the compounds incorporated with MFC16. This could be due to
the evolution of plasticized domains on the fibers from the hydrophobization. Ordinarily,
the weight of the fatty acid chain can promote delamination of the surface fibers and
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make them function as plasticizers instead as reinforcing agents. This, in turn, could lead
to the slippage of the hydrophobic cellulose chains on the surface against the relative
hydrophilic internal cellulose chains towards the direction of the external load [48]. As
the DS value further increased to 0.91, the resulting compounds (MFC17, 18, 19, and 20)
exhibited decreased plastic deformation. This could be a result of the reduced sizes and
rearrangement of cellulose chains (Figure 5), with enhanced interactions keeping the chains
from sliding towards each other.

Apart from the changes in the stress–strain behavior, a significant increase in Young’s
modulus of the compounds was observed at low strains (<50%) with increased DS (graph B
in Figure 11). The highest values of the Youngs’s modulus at 25% was determined to be
8.1 MPa for the MFC16 compounds, which is 1.8 times higher than that of the referenced
silica-filled compounds. There was also a rise in the modulus at higher strains increased
DS. For example, Young’s modulus at 100% strain increased gradually with increased DS
values and reached about 5.0 MPa when the DS was above 0.49 (i.e., MFC16). This in line
with previous observations [49–54], further confirming the high reinforcing efficiency of
MFCs in rubber composites. In addition, a high tensile strength of 15 MPa was achieved
with the addition of modified cellulose fibers compared with the reference compound made
of silica (13 MPa). The strain at break was higher for the MFC14 compound, while it started
to decrease as the DS further increased, resulting in more brittle compounds. The results, in
general, are consistent with previously reported findings that the incorporation of cellulose
fibers can result in a significant improvement in the modulus and, to a lesser extent, in the
tensile strength.

4. Conclusions

The chemical modification of MFCs with oleoyl chloride provided hydrophobic do-
mains needed for good dispersion in an SBR matrix and good filler/polymer interactions.
MFCs with a DS of 0.2–0.9 were successfully synthesized in pyridine and compounded with
silica and SBR. The compounds were fabricated by substituting 10–30 phr silica with 10 phr
of modified MFCs. As the DS values increased, significant impacts on the morphology
and crystallinity of modified MFCs were observed. These changes were found to further
affect the processability of the compounds, as well as the curing behavior, modulus-rolling
resistance tradeoff, and tensile properties of the resulting rubber compounds. Overall,
the highest reinforcement was achieved for the MFC compound with a DS value of 0.67
(i.e., MFC16). This compound had a high surface hydrophobicity and also retained the
fibrillar network structure. The most important drawback in the compound properties was
the wear abrasion properties (results not presented), which require improvement. However,
this study demonstrates that a small amount of MFCs can be used to replace a large amount
of silica, resulting in improvements in reinforcement and mechanical properties. The
improved properties achieved with the incorporation of modified MFCs opens potential
applications for the use of sustainable bio-based materials to produce tire compounds and
lightweight composites.

Author Contributions: Conceptualization, M.L., E.S. and J.-S.T.; methodology, M.L. and P.S.; valida-
tion, M.L., P.S. and E.S.; formal analysis, M.L, P.S., I.E.I. and M.S.; writing—original draft preparation,
M.L., M.S. and I.E.I.; review and editing, D.L., B.D., M.S. and J.-S.T.; supervision, J.-S.T., B.D. and E.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Found of Luxembourg (FNR) (grant
number IPBG16/11514551/TireMat-Tech). The APC was funded by FNR.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare that there is no conflict of interest.

37



Polymers 2023, 15, 3937

References

1. Affandi, S.; Setyawan, H.; Winardi, S.; Purwanto, A.; Balgis, R. A facile method for production of high-purity silica xerogels from
bagasse ash. Adv. Powder Technol. 2009, 20, 468–472. [CrossRef]

2. Fernandes, I.J.; Santos, R.V.; Santos ECA dos Rocha, T.L.A.C.; Domingues Junior, N.S.; Moraes, C.A.M. Replacement of Commercial
Silica by Rice Husk Ash in Epoxy Composites: A Comparative Analysis. Mater. Res. 2018, 21, 1–10. [CrossRef]

3. Götze, J.; Möckel, R. (Eds.) Quartz: Deposits, Mineralogy and Analytics; Springer: Berlin/Heidelberg, Germany, 2012. [CrossRef]
4. Li, T.; Chen, C.; Brozena, A.H.; Zhu, J.Y.; Xu, L.; Driemeier, C.; Dai, J.; Rojas, O.J.; Isogai, A.; Wågberg, L.; et al. Developing

fibrillated cellulose as a sustainable technological material. Nature 2021, 590, 47–56. [CrossRef] [PubMed]
5. Ferreira, E.S.; Rezende, C.A.; Cranston, E.D. Fundamentals of cellulose lightweight materials: Bio-based assemblies with tailored

properties. Green Chem. 2021, 23, 3542–3568. [CrossRef]
6. Roy, K.; Pongwisuthiruchte, A.; Chandra Debnath, S.; Potiyaraj, P. Application of cellulose as green filler for the development of

sustainable rubber technology. Curr. Res. Green Sustain. Chem. 2021, 4, 100140. [CrossRef]
7. Sirviö, J.A.; Visanko, M.; Heiskanen, J.P.; Liimatainen, H. UV-absorbing cellulose nanocrystals as functional reinforcing fillers in

polymer nanocomposite films. J. Mater. Chem. A 2016, 4, 6368–6375. [CrossRef]
8. He, M.; Zhou, J.; Zhang, H.; Luo, Z.; Yao, J. Microcrystalline cellulose as reactive reinforcing fillers for epoxidized soybean oil

polymer composites. J. Appl. Polym. Sci. 2015, 132, 42488. [CrossRef]
9. Staropoli, M.; Rogé, V.; Moretto, E.; Didierjean, J.; Michel, M.; Duez, B.; Steiner, P.; Thielen, G.; Lenoble, D.; Thomann, J.S.

Hybrid Silica-Based Fillers in Nanocomposites: Influence of Isotropic/Isotropic and Isotropic/Anisotropic Fillers on Mechanical
Properties of Styrene-Butadiene (SBR)-Based Rubber. Polymers 2021, 13, 2413. [CrossRef]

10. Bai, W.; Li, K. Partial replacement of silica with microcrystalline cellulose in rubber composites. Compos. Part A Appl. Sci. Manuf.
2009, 40, 1597–1605. [CrossRef]

11. Xu, S.H.; Gu, J.; Luo, Y.F.; Jia, D.M. Effects of partial replacement of silica with surface modified nanocrystalline cellulose on
properties of natural rubber nanocomposites. Express Polym. Lett. 2012, 6, 14–25. [CrossRef]

12. Kazemi, H.; Mighri, F.; Park, K.W.; Frikha, S.; Rodrigue, D. Effect of Cellulose Fiber Surface Treatment to Replace Carbon Black in
Natural Rubber Hybrid Composites. Rubber Chem. Technol. 2022, 95, 128–146. [CrossRef]

13. Lopattananon, N.; Jitkalong, D.; Seadan, M. Hybridized reinforcement of natural rubber with silane-modified short cellulose
fibers and silica. J. Appl. Polym. Sci. 2011, 120, 3242–3254. [CrossRef]

14. Li, K.; Mcgrady, D.; Zhao, X.; Ker, D.; Tekinalp, H.; He, X.; Qu, J.; Aytug, T.; Cakmak, E.; Phipps, J.; et al. Surface-modified and
oven-dried microfibrillated cellulose reinforced biocomposites: Cellulose network enabled high performance. Carbohydr. Polym.
2021, 256, 117525. [CrossRef] [PubMed]

15. Fumagalli, M.; Berriot, J.; de Gaudemaris, B.; Veyland, A.; Putaux, J.-L.; Molina-Boisseau, S.; Heux, L. Rubber materials
from elastomers and nanocellulose powders: Filler dispersion and mechanical reinforcement. Soft Matter 2018, 14, 2638–2648.
[CrossRef] [PubMed]

16. Hu, Z.; Berry, R.M.; Pelton, R.; Cranston, E.D. One-Pot Water-Based Hydrophobic Surface Modification of Cellulose Nanocrystals
Using Plant Polyphenols. ACS Sustain. Chem. Eng. 2017, 5, 5018–5026. [CrossRef]

17. Dhuiège, B.; Pecastaings, G.; Sèbe, G. Sustainable Approach for the Direct Functionalization of Cellulose Nanocrystals Dispersed
in Water by Transesterification of Vinyl Acetate. ACS Sustain. Chem. Eng. 2019, 7, 187–196. [CrossRef]

18. Almasi, H.; Ghanbarzadeh, B.; Dehghannia, J.; Pirsa, S.; Zandi, M. Heterogeneous modification of softwoods cellulose nanofibers
with oleic acid: Effect of reaction time and oleic acid concentration. Fibers. Polym. 2015, 16, 1715–1722. [CrossRef]

19. Sluiter, A.; Hames, B.; Ruiz, R.O.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D.L.A.P. Determination of Structural Carbohy-
drates and Lignin in Biomass. Biomass Anal Technol. Team Lab Anal Proced. 2004, 1–14.

20. Liu, M.; Fernando, D.; Daniel, G.; Madsen, B.; Meyer, A.S.; Ale, M.T.; Thygesen, A. Effect of harvest time and field retting duration
on the chemical composition, morphology and mechanical properties of hemp fibers. Ind. Crops. Prod. 2015, 69, 29–39. [CrossRef]

21. Thygesen, A.; Oddershede, J.; Lilholt, H.; Thomsen, A.B.; Ståhl, K. On the determination of crystallinity and cellulose content in
plant fibres. Cellulose 2005, 12, 563–576. [CrossRef]

22. DIN 53504; Testing of Rubber—Determination of Tensile Strength at Break, Tensile Stress at Yield, Elongation at Break and Stress
Values in a Tensile Test. Deutsches Institut für Normung: Berlin, German, 2009.

23. Rostami, J.; Mathew, A.P.; Edlund, U. Zwitterionic Acetylated Cellulose Nanofibrils. Molecules 2019, 24, 3147. [CrossRef]
[PubMed]

24. Priya, S.; Khan, G.; Uddin, M.; Haque, M.; Islam, M.; Abdullah-Al-Mamun, M.; Gafur, M.A.; Alam, M.S. Characterization of
Micro-fibrillated Cellulose Produced from Sawmill Wastage: Crystallinity and Thermal Properties. Am. Chem. Sci. J. 2015, 9, 1–8.
[CrossRef]

25. Daicho, K.; Saito, T.; Fujisawa, S.; Isogai, A. The Crystallinity of Nanocellulose: Dispersion-Induced Disordering of the Grain
Boundary in Biologically Structured Cellulose. ACS Appl. Nano Mater. 2018, 1, 5774–5785. [CrossRef]

26. Lengowski, E.C.; Muñiz GIB de Andrade AS de Simon, L.C.; Nisgoski, S. Morphological, Physical and Thermal Characterization
of Microfibrillated CellulosE. Rev. Árvore 2018, 42, e420113. [CrossRef]

38



Polymers 2023, 15, 3937

27. Wen, X.; Wang, H.; Wei, Y.; Wang, X.; Liu, C. Preparation and characterization of cellulose laurate ester by catalyzed transesterifi-
cation. Carbohydr. Polym. 2017, 168, 247–254. [CrossRef]

28. Freire, C.S.R.; Silvestre, A.J.D.; Neto, C.P.; Belgacem, M.N.; Gandini, A. Controlled heterogeneous modification of cellulose fibers
with fatty acids: Effect of reaction conditions on the extent of esterification and fiber properties. J. Appl. Polym. Sci. 2006, 100,
1093–1102. [CrossRef]

29. Sheltami, R.M.; Kargarzadeh, H.; Abdullah, I. Effects of Silane Surface Treatment of Cellulose Nanocrystals on the Tensile
Properties of Cellulose-Polyvinyl chloride Nanocomposite. Sains Malays. 2015, 44, 801–810. [CrossRef]

30. Andresen, M.; Johansson, L.-S.; Tanem, B.S.; Stenius, P. Properties and characterization of hydrophobized microfibrillated
cellulose. Cellulose 2006, 13, 665–677. [CrossRef]

31. Zhao, H.; Yan, H.; Liu, M.; Zhang, C.; Qin, S. Pyrolytic characteristics and kinetics of the marine green tide macroalgae,
Enteromorpha prolifera. Chinese J. Oceanol. Limnol. 2011, 29, 996–1001. [CrossRef]

32. Liu, M.; Baum, A.; Odermatt, J.; Berger, J.; Yu, L.; Zeuner, B.; Thygesen, A.; Holck, J.; Meyer, A.S. Oxidation of lignin in hemp
fibres by laccase: Effects on mechanical properties of hemp fibres and unidirectional fibre/epoxy composites. Compos. Part A
Appl. Sci. Manuf. 2017, 95, 377–387. [CrossRef]

33. Zhao, H.; Yan, H.X.; Zhang, M.M.; Liu, M.; Qin, S. Pyrolysis Characteristics and Kinetics of Enteromorpha Clathrata Biomass: A
Potential Way of Converting Ecological Crisis “Green Tide” Bioresource to Bioenergy. Adv. Mater. Res. 2010, 113–116, 170–175.
[CrossRef]

34. Müller-Hagedorn, M.; Bockhorn, H.; Krebs, L.; Müller, U. A comparative kinetic study on the pyrolysis of three different wood
species. J. Anal. Appl. Pyrolysis 2003, 68–69, 231–249. [CrossRef]

35. Francisco-Fernández, M.; Tarrío-Saavedra, J.; Naya, S.; López-Beceiro, J.; Artiaga, R. Classification of wood using differential
thermogravimetric analysis. J. Therm. Anal. Calorim. 2015, 120, 541–551. [CrossRef]

36. Huang, F.-Y. Thermal Properties and Thermal Degradation of Cellulose Tri-Stearate (CTs). Polymers 2012, 4, 1012–1024. [CrossRef]
37. Cao, X.; Peng, X.; Zhong, L.; Sun, S.; Yang, D.; Zhang, X.; Sun, R. A novel transesterification system to rapidly synthesize cellulose

aliphatic esters. Cellulose 2014, 21, 581–594. [CrossRef]
38. Labafzadeh, S.R.; Kavakka, J.S.; Sievänen, K.; Asikkala, J.; Kilpeläinen, I. Reactive dissolution of cellulose and pulp through

acylation in pyridine. Cellulose 2012, 19, 1295–1304. [CrossRef]
39. Raba, D.N.; Chambre, D.R.; Copolovici, D.-M.; Moldovan, C.; Copolovici, L.O. The influence of high-temperature heating

on composition and thermo-oxidative stability of the oil extracted from Arabica coffee beans. PLoS ONE 2018, 13, e0200314.
[CrossRef]

40. Faria, E.A.D.; Leles, M.I.G.; Ionashiro, M.; Zuppa, T.D.O.; Antoniosi Filho, N.R. Estudo da estabilidade térmica de óleos e
gorduras vegetais por TG/DTG e DTA. Eclética Química 2002, 27, 47–56. [CrossRef]

41. Klie, B.; Teich, S.; Haberstroh, E.; Giese, U. Newmethod for evaluating rubber mixing Quality by means of alternative representa-
tion of the Fingerprint chart. KGK Kautsch. Gummi Kunstst. 2015, 68, 31–38.

42. Chigondo, F.; Shoko, P.; Nyamunda, B.; Guyo, U.; Moyo, M. Maize stalk as reinforcement in natural rubber composites. Int. J. Sci.
Technol. Res. 2013, 2, 263–271.

43. Ramier, J.; Gauthier, C.; Chazeau, L.; Stelandre, L.; Guy, L. Payne effect in silica-filled styrene–butadiene rubber: Influence of
surface treatment. J. Polym. Sci. Part B Polym. Phys. 2007, 45, 286–298. [CrossRef]

44. Bokobza, L.; Gaulliard, V.; Ladouce, L. Silica Reinforcement of StyreneButadiene Rubbers. Elastomers and Plastics. 2001, 54,
177–180.

45. Cichomski, E.M.; Dierkes, W.K.; Tolpekina, T.V.; Schultz, S. Influence of physical and chemical polymer-filler bonds on tire
wet-traction performance indicators for passenger car tire tread materials. KGK Kautsch. Gummi Kunstst. 2014, 67, 50–57.

46. Kawahara, S. Controlling Performance of Filled Rubbers. In Encyclopedia of Polymeric Nanomaterials; Springer: Berlin/Heidelberg,
Germany, 2015; pp. 453–460. [CrossRef]

47. Kuta, A.; Hrdlicka, Z.; Voldanova, J.; Brejcha, J.; Pokorny, J.; Plitz, J. Dynamic Mechanical Properties of Rubbers with Standard
Oils and Oils with Low Content of Polycyclic Aromatic Hydrocarbons. Test Meas. 2010, 63, 120–122.

48. Liu, M.; Thygesen, A.; Summerscales, J.; Meyer, A.S. Targeted pre-treatment of hemp bast fibres for optimal performance in
biocomposite materials: A review. Ind. Crops. Prod. 2017, 108, 660–683. [CrossRef]

49. Liu, M.; Meyer, A.S.; Fernando, D.; Silva, D.A.S.; Daniel, G.; Thygesen, A. Effect of pectin and hemicellulose removal from hemp
fibres on the mechanical properties of unidirectional hemp/epoxy composites. Compos. Part A Appl. Sci. Manuf. 2016, 90, 724–735.
[CrossRef]

50. Abraham, E.; Thomas, M.S.; John, C.; Pothen, L.A.; Shoseyov, O.; Thomas, S. Green nanocomposites of natural rub-
ber/nanocellulose: Membrane transport, rheological and thermal degradation characterisations. Ind. Crops. Prod. 2013, 51,
415–424. [CrossRef]

51. Jarnthong, M.; Wang, F.; Wei, X.Y.; Wang, R.; Li, J.H. Preparation and Properties of Biocomposite Based on Natural Rubber and
Bagasse Nanocellulose. MATEC Web Conf. 2015, 26, 01005. [CrossRef]

39



Polymers 2023, 15, 3937

52. Kato, H.; Nakatsubo, F.; Abe, K.; Yano, H. Crosslinking via sulfur vulcanization of natural rubber and cellulose nanofibers
incorporating unsaturated fatty acids. RSC Adv. 2015, 5, 29814–29819. [CrossRef]

53. Abraham, E.; Deepa, B.; Pothan, L.A.; John, M.; Narine, S.S.; Thomas, S.; Anandjiwala, R. Physicomechanical properties of
nanocomposites based on cellulose nanofibre and natural rubber latex. Cellulose 2013, 20, 417–427. [CrossRef]

54. Thomas, M.G.; Abraham, E.; Jyotishkumar, P.; Maria, H.J.; Pothen, L.A.; Thomas, S. Nanocelluloses from jute fibers and their
nanocomposites with natural rubber: Preparation and characterization. Int. J. Biol. Macromol. 2015, 81, 768–777. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

40



Citation: Wang, Z.; Lin, Y.; Li, Z.;

Yang, Y.; Lin, J.; He, S. Effect of

Fluorosilicone Rubber on Mechanical

Properties, Dielectric Breakdown

Strength and Hydrophobicity of

Methyl Vinyl Silicone Rubber.

Polymers 2023, 15, 3448. https://

doi.org/10.3390/polym15163448

Academic Editor: Md Najib Alam

Received: 6 August 2023

Revised: 15 August 2023

Accepted: 16 August 2023

Published: 18 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Effect of Fluorosilicone Rubber on Mechanical Properties,
Dielectric Breakdown Strength and Hydrophobicity of Methyl
Vinyl Silicone Rubber

Zhaoyang Wang 1, Yankai Lin 2, Zhanxu Li 1, Yumeng Yang 1, Jun Lin 1,* and Shaojian He 1,*

1 State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources,
North China Electric Power University, Beijing 102206, China; wang94269264@163.com (Z.W.);
zhanxuli0614@163.com (Z.L.); yumengyang84@163.com (Y.Y.)

2 Jiangmen Power Dispatching Center of Jiangmen Power Grid, Jiangmen 529000, China; kyoexii@sina.com
* Correspondence: jun.lin@ncepu.edu.cn (J.L.); heshaojian@ncepu.edu.cn (S.H.)

Abstract: Silicone rubber (SIR) is used in high-voltage insulators because of its insulation, and excel-
lent hydrophobicity is very important in harsh outdoor environments. To enhance the hydrophobicity
and low-temperature resistance of silicone rubber, methyl vinyl silicone rubber and fluorosilicone
rubber (FSIR) blend composites with different ratios were prepared. The samples were characterized
and analyzed using scanning electron microscopy, tensile testing, dynamic mechanical analysis and
static contact angle testing. The results showed that after blending, SIR and FSIR were well compati-
ble. FSIR had higher elastic modulus and reduced the tensile strength to some extent in SIR/FSIR
composites. The addition of a small amount of FSIR made its crystallization temperature decrease
from −30 to −45 ◦C, meaning that the low-temperature resistance was significantly improved. The
breakdown strength of SIR/FSIR composites can still be maintained at a high level when a small
amount of FSIR is added. The contact angle of the composites increased from 108.9 to 115.8◦ with the
increase in FSIR content, indicating the enhanced hydrophobicity. When the samples were immersed
in water for 96 h, the hydrophobicity migration phenomenon occurred. The static contact angle
of the samples with less FSIR content had a weaker decreasing trend, which illustrated that the
hydrophobicity was maintained at a high level.

Keywords: silicone rubber; fluorosilicone rubber; mechanical properties; breakdown strength;
hydrophobicity

1. Introduction

Hydrophobicity materials are widely used in all aspects of industry and life, such
as high-voltage insulators, hull surface coatings, oil pipeline inner walls and so on. An
insulator is an important and indispensable part of power transmission and transformation
lines, and the operation condition is directly related to the stability and safety of the
power grid [1,2]. The silicone rubber composite insulator is the latest insulator. Compared
to the traditional porcelain insulator and glass insulator, the silicone rubber composite
insulator has the advantages of light weight, favorable durability, excellent hydrophobicity,
good resistance to dirt flash and being easy to manufacture and maintain [3–8]. Silicone
rubber composite insulators are mainly composed of high-temperature vulcanized silicone
rubber (HTV) composite umbrella skirt, glass fiber-reinforced epoxy resin core rod and
end fittings [9]. Due to the Si–O bond of silicone rubber and its inorganic properties,
silicone rubber is superior to ordinary organic rubbers in terms of heat resistance, chemical
stability, electrical insulating, abrasion resistance and weatherability [10]. The excellent
hydrophobicity and hydrophobic recovery properties of silicone rubber are key factors
in its use as a high-voltage outdoor insulation material. As an insulating material used
outdoors for a long time, the silicone rubber umbrella skirt will gradually age under the
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long-term influence of humidity, surface discharge, ultraviolet rays, temperature, smoke
and other factors [11,12]. The aging of the material will make the surface of the insulator
hydrophobicity deteriorate, resulting in the occurrence of a leakage current and flashover
phenomenon, meaning that the hydrophobicity is an important index used to examine the
performance of the insulator [13,14].

To enhance the hydrophobicity of silicone rubber, researchers have used various ap-
proaches, including surface modifications, such as plasma jet treatment [15,16], spraying [17],
laser irradiation [18], or adding fillers to build up nanostructures. Mendoza et al. [19] con-
ducted a comparative assessment of hydrophilic and hydrophobic ZnO nanoparticles
and their methods of deposition on the surface hydrophobicity of silicone rubber (PDMS)
and glass substrates. An accurate method was proposed to determine the contact angle
hysteresis. Nazir et al. [20] added milled glass fires and graphene nanoplatelets as fillers
in silicone rubber and found that the composites have excellent fire retardancy and better
mechanical strength and hydrophobicity while retaining the required electrical breakdown
strength. Zhu [21] believes that the mechanism through which corona discharge weakens
the hydrophobicity of silicone rubber is the particles generated by the discharge continu-
ously impacting the SR surface, on which the hydrophilic hydroxyl group is replaced by a
polar hydrophobic methyl group. Khan et al. [22] prepared room temperature vulcanized
silicone rubber composites, and after 9000-hour aging tests, it was found that the samples
using silica as fillers had better hydrophobicity, and the samples with aluminum trihydrate
as filler had higher dielectric breakdown strengths. Sheng et al. [23] added a glycerol layer
onto the surface of the silicone rubber, and the contact angle of the silicone rubber could be
improved by 19.9% via irradiation treatment with glycerol. Du et al. [24] fluoridated the
silicone rubber using fluorine gas to obtain the sample with a contact angle of 116◦. Surface
modification often requires high costs and is a complicated procedure. And these material
improvement methods can make silicone rubber significantly improved in a certain aspect,
but do not comprehensively consider the purpose of using it at low temperatures. There-
fore, it is recommended to use a fluorosilicone rubber (FSIR) and methyl vinyl silicone
rubber (SIR) blend to take into account the three aspects of hydrophobicity, insulation and
low-temperature resistance.

FSIR has methyl, vinyl and trifluoropropyl side chains, which improve the oil and
solvent resistance of the rubber due to the electronic effect and the good shielding effect
of the C-F bond on the C=C bond [25,26]. It also has a wide operating temperature range
of −60–200 ◦C and can be operated in cold environments [27]. Sun et al. [28] found
that after ultraviolet aging for 2000 h, the FSIR insulators had a larger contact angle.
Wei et al. [29] found that the resistance and breakdown properties of phenyl silicone
rubber (SiR) were better than those of vinyl SiR and fluoro-SiR, and fluoro-SiR has a
higher dielectric constant than the vinyl SiR and phenyl SiR. Polymer blending allows
composites to combine the characteristics of both materials. Metivier et al. [30] found that
silicone/fluorosilicon mixtures are compatible by adding surface hydrophilic silica particles,
and fumed hydrophilic silica can reduce the size of the fluorosilicon phase to 500 nm.
Khanra et al. [31] added modified silica in different ratios to fluoroelastomer and silicone
rubber blends, which exhibited good compatibility and improved mechanical properties.

The good hydrophobicity and low-temperature resistance of FSIR are important factors
conducive to the operation of insulators in harsh environments. Considering the many
advantages of FSIR, in this work, FSIR and SIR were used to prepare composites with
different ratios. The expectation is that the SIR/FSIR composites can be used in high-
voltage insulators in a harsh environment. Scanning electron microscopy (SEM) tests,
tensile tests, dynamic mechanical property tests and contact angle tests were carried out
to analyze the effects of different ratios on the micro-morphology, mechanical properties,
crosslinking density, crystallization temperature and hydrophobicity of the composites. It
is proved that the addition of FSIR can improve the material’s hydrophobicity and enhance
its low-temperature resistance.
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2. Experimental

2.1. Materials

The vinyl content of SIR (XHG-110) was 0.08%, and its molecular weight was 670,000;
the material was produced by Zhejiang Wynca Chemical Group Co., Jiande, Zhejiang,
China. The vinyl content of FSIR (MFVQ 1402) was 0.35%, and its molecular weight
was 730,000; the material was produced by Shenzhen Oufut Rubber Products Co., Ltd.,
Shenzhen, Guangdong, China. Silica adopted HDK®V15 from Wacker, Germany, and its
density was 2.2 g·cm−3, its specific surface area was 130–170 m2·g−1, and its purity was
99.8%. Hydroxy silicone oil (HSO), aluminum hydroxide (ATH), vinyltrimethoxysilane
(VTMS), ferric oxide (Fe2O3), 2,5-dimethyl-2,5-di(tert-butylperoxy) hexane (DBPH) and
other reagents were commercially available. Table 1 shows the experimental formulations
of the composites.

Table 1. Experimental formulations of SIR/FSIR composites (phr).

Ingredients 100/0 95/5 90/10 80/20 70/30 0/100

SIR 100 95 90 80 70 0
FSIR 0 5 10 20 30 100
Silica 30 30 30 30 30 30
ATH 100 100 100 100 100 100

Fe2O3 4 4 4 4 4 4
HSO 5 5 5 5 5 5

VTMS 2 2 2 2 2 2
DBPH 0.5 0.5 0.5 0.5 0.5 0.5

2.2. Preparation

Firstly, SIR was mixed with the reagents of reinforcing agent silica, thermal conduc-
tivity enhanced agent ATH, silane coupling agent VTMS, structural control agent HSO,
coloring agent Fe2O3 and vulcanizing agent DBPH in an open two-roll mill. The fillers were
added in sequence, and the SIR was taken out after uniform mixing. Secondly, FSIR was
prepared following the same procedure. Then, SIR and FSIR were mixed in different ratios
in the opening machine to obtain different ratios of SIR/FSIR compounds. Finally, after the
corresponding optimum curing time(t90) was measured using a vulcanizing instrument
(MDR-2000, Shanghai Dejie Machine Equipment Co., Ltd., Shanghai, China), vulcaniza-
tion was carried out using a flatbed vulcanizing machine (XLB-0350, Zhejiang Huzhou
Dongfang Machinery Co., Ltd., Huzhou, Zhejiang, China) at 170 ◦C.

2.3. Characterization and Measurements

A cold field emission scanning electron microscope (SU8020, Hitachi, Tokyo, Japan)
was used to observe the tensile fracture surface of the samples.

The mechanical properties of the composites were tested using a universal material
tester (GT-TC2000, Gotech Testing Machines Inc., Taizhong, Taiwan, China), which had a
tensile speed of 500 mm·min−1.

The crosslinking density of the composites was tested via the equilibrium swelling
method [32]. The mass of the samples before and after immersion were defined as M1
and M2 (g), which were obtained by immersing the vulcanized rubber in toluene at room
temperature for 72 h. The volume rate of swelling of the rubber, v2, was calculated according
to Equations (1)–(3).

ν2 =
ν1

(ν1 + νsol)
(1)

νsol =
(M2 − M1)

ρsol
(2)

ν1 =
M3

ρ
(3)

43



Polymers 2023, 15, 3448

where vsol (cm3·mol−1) is the volume of solvent absorbed by the rubber after swelling, v1
(cm3·mol−1) is the volume of rubber, ρsol (g·mL−1) is the density of solvent, ρ (g·cm−3)
is the density of rubber and M3 (g) is the mass of rubber. The crosslinking density, ve
(×10−4 mol·cm−3), of the composites was calculated using Equation (4).

νe =
ln(1 − νe) + ν2 + χ · ν2

2

2ν · ν
1
3
2

(4)

where χ is the silicone rubber–toluene interaction parameter (0.465) [33], and v (cm3·mol−1)
is the molar volume of solvent.

The dynamic mechanical analysis (DMA) of the silicone rubber composites were tested
using DMA 242 (NETZSCH, Free State of Bavaria, Germany). The tests were carried out at
a frequency of 10 Hz, an amplitude of 0.5% and temperature conditions of −180 to 25 ◦C.

The breakdown strength tests used a voltage breakdown tester manufactured by
Beijing Huaji Instrument Co., Beijing, China. The test was performed at an AC voltage
of 50 Hz. The insulating properties of the composites were analyzed using the Weibull
classical failure model [34]. Equation (5) represents the failure distribution function.

F(x) = 1 − e−( x
α )

β

(5)

where x is the breakdown strength, α is the scale parameter, and β is the shape parameter.
To facilitate the calculation, the above formula can be converted to logarithmic form, as
shown in Equation (6).

lg[− ln(1 − F)] = β(lgα − lgx) (6)

In addition, the failure distribution function can be calculated using Equation (7).

F(x) =
i − 0.5

n + 0.25
(7)

where i is the number of measurements derived by arranging x in ascending order, and n is
the total number of tests for each sample—in this work, n = 12. The relevant parameters α
and β of the Weibull distribution function were calculated using the least squares method
for Equation (6) to derive the Weibull failure model.

The static contact angle (SCA) and hydrophobic migration of the composites were
measured using a contact angle meter manufactured by Shanghai Zhongchen Technical
Equipment Co., Shanghai, China. Before the test took place, the samples were sequentially
wiped with ethanol and ultrapure water and left for 24 h. The SCA test was carried out
after the natural evaporation of the water on the surface. A droplet of water with a volume
of about 20 μL was dropped on the surface of the sample using a microsyringe. After taking
pictures to record the shape of the droplet, five points on the boundary were selected, and
the coordinates were recorded. SCA was obtained via fitting. The final result was the
average value of five measurements that were taken for each group. For the hydrophobic
migration test, the samples were immersed in ultrapure water for 96 h, after which stage
the SCA test was performed.

3. Results and Discussion

3.1. Mechanical Properties

SEM testing can be used to observe the dispersion of fillers in the matrix. To observe
the microscopic topography of the prepared sample, the cross-section after fracture in the
tensile test was observed, and the compatibility of the fillers with rubber was analyzed
to carry out the blending scheme. Figure 1a shows micron-sized ATH, which can be
seen to have a layered structure. ATH has good adsorption and dispersion, which can
improve the thermal conductivity of rubber, enhance the anti-aging effect and strengthen
the vulcanization process. However, the addition of FSIR will affect the compatibility of
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ATH and the rubber matrix, and the tensile section of the sample was analyzed via SEM.
Figure 1b shows the SIR composite. The ATH, which is exposed in the outer layer of
the silicone rubber matrix, cannot be observed. Figure 1f shows the fracture in the FSIR
composites. The section is smoother and flatter than that of the SIR composites, indicating
that its compatibility is better. In Figure 1c–e, unwrapped ATH and tiny cracks can be
observed in SEM. Significant bulges and depressions due to material agglomeration can be
observed compared to pure FSIR or pure SIR composites. The scheme in which SIR/FSIR is
70/30 shows better compatibility, and the reason for this phenomenon is that the increase
in the FSIR content promotes the fusion of ATH and rubber. Therefore, for SIR/FSIR, the
interfacial interaction between the matrix and the filler is weaker, resulting in the mechanical
properties of the materials being lower than those of the SIR composite materials.

 
Figure 1. SEM microstructure of tensile sections of the SIR/FSIR composites: (a) ATH; (b) 100/0;
(c) 90/10; (d) 80/20; (e) 70/30; (f) 0/100.

Figure 2 shows the stress–strain curves of the SIR/FSIR composites. The elongation
at break undergoes very little change with the increase in FSIR contents, which were all
around 205%. Table 2 lists the mechanical properties of the SIR/FSIR composites. The
tensile strength of the SIR composite is up to 7.3 MPa, while the tensile strength decreases
to 5.9 MPa when the content of FSIR is increased to 30 phr. In JB/T 10945-2010, the silicone
rubber applied to composite insulators requires the tensile strength to be higher than 3 MPa.
Therefore, even if the tensile strengths of the blend composites are reduced via the addition
of FSIR, it still meets the industry standard for silicone rubber insulators. The elongation at
break of the FSIR composite is only 138%, and the tensile strength is 4.5 MPa, which are
much lower than those of the SIR/FSIR composites. When the stress is less than 1.5 MPa,
the modulus of elasticity of the composites tends to increase with the increase in the FSIR
content. This outcome occurs due to the fact that the FSIR side chain contains a small
amount of trifluoropropyl, and the presence of fluorine atoms makes the molecule more
polar. This process results in larger intermolecular forces and reduced molecular chain
motility. In addition, for SIR/FSIR composites, the hardness of the composites increases,
and the stress at 100% strain remains stable, which is about 3.6 MPa with the increase in the
FSIR content. Since the percentage of SIR is higher than that of FSIR in the four composites
analyzed in this work, the properties of the samples are more similar to those of SIR.
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Figure 2. Stress–strain curves of SIR/FSIR composites.

Table 2. Mechanical properties of SIR/FSIR composites.

Properties 100/0 95/5 90/10 80/20 70/30 0/100

Shore A hardness 70 71 70 72 74 77
Tensile strength (MPa) 7.3 6.9 6.6 6.5 5.9 4.5
Elongation at break (%) 204 210 199 204 200 138

Stress at 100% strain (MPa) 3.7 3.6 3.5 3.7 3.6 4.0
Elasticity modulus (MPa) 13.3 14.1 14.1 15.0 16.3 21.1

3.2. Crosslinking Density

After the blending rubber is vulcanized, a cross-linked network is formed inside of
the structure. When the crosslinking density increases, it represents the weakening of
the motility of the macromolecular chain. Therefore, this test can provide a theoretical
analysis from a microscopic perspective for tensile testing. The crosslinking density of the
SIR/FSIR composites is given in Figure 3. It is found that the crosslinking density of FSIR
composite is 1.55 times that of SIR composite. For the SIR/FSIR composites, the crosslinking
density gradually increases with the increase in FSIR content. When the proportion of
FSIR increased from 5 to 20 phr, the crosslinking density increased from 2.63 × 10−4 to
3.34 × 10−4 mol·cm−3. The increased crosslinking density indicates that the connection
between the macromolecular chains is more compact, and the flexibility of the composite
material is reduced and the elastic modulus will increase. In Table 1, the elasticity modulus
of FSIR composite is 7.8 MPa higher than that of SIR composites. The macromolecular
chain of FSIR contains a small amount of trifluoropropyl, and the electron-absorbing effect
of fluorine atoms is stronger and, thus, the free radical reactions are more likely to occur
with the vulcanizing agent. As a result, compared to the SIR composite, the SIR/FSIR
composites with higher FSIR contents show higher crosslinking densities. However, the
crosslinking density of the scheme with an SIR/FSIR ratio of 70/30 is higher than that of
the pure FSIR composites. The reason for this outcome is that silica is more likely to interact
with non-polar molecules to form crosslinking networks. Therefore, there is an optimal
value between the proportions of SIR composites and FSIR composites that maximizes the
crosslinking density.

46



Polymers 2023, 15, 3448

Figure 3. Crosslinking density of SIR/FSIR composites.

3.3. Dynamic Mechanical Properties

Figure 4a shows the storage modulus–temperature curve of the SIR/FSIR composites.
The storage modulus of pure SIR is higher than that of pure FSIR under all of the test
temperatures. Figure 4b shows the tan delta–temperature curve of SIR/FSIR composites
obtained from DMA. The glass-transition temperatures are about −130 ◦C for all of the
blending schemes. When the SIR/FSIR composites are in a glassy state, the storage modulus
of the composites gradually decreases as the proportion of FSIR increases.

Figure 4. DMA of SIR/FSIR composites: (a) storage modulus–temperature curve; (b) tan delta–
temperature curve.

It can be seen that there are two damping peaks in FSIR, in which the temperature of
the crystallization peak is about −50 ◦C, as shown in Figure 4b. The temperature of the
crystallization peak of SIR is about −30 ◦C. Therefore, FSIR has a superior low-temperature
resistance. When SIR/FSIR is 95/5, there is only one crystallization peak, indicating that
the compatibility of the two matrices is better at this time. When SIR/FSIR is 70/30, two
crystalline peaks are observed, which means that two crystalline phases have been included
in the composites. The crystallization peak of FSIR is obviously larger than that of SIR,
which occurs because the increase in trifluoropropyl makes the internal polarity of the
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material larger. The reduction in the crystallization temperature can extend the operating
temperature range of the composite. The crystallization temperatures of the larger peaks
are concentrated at around −45 ◦C, indicating that the low-temperature resistance of the
composites is significantly improved by the addition of FSIR.

3.4. Breakdown Strength

As an insulator umbrella sleeve material, its insulation performance is one of the
most important indicators. The breakdown strength of the composites was investigated,
and the Weibull distribution was obtained. Figure 5 shows the Weibull distribution of
SIR/FSIR composites. It can be seen that the SIR composite material has excellent insulation
properties. The presence of trifluoropropyl makes the molecule polar, which makes the
breakdown field strength of the sample smaller and easier to breakdown. SIR/FSIR
composites contain two crystalline phases, resulting in more structural defects and reduced
insulation properties. Therefore, based on the characterization data, it can also be confirmed
that the breakdown strength of the material decreases as the proportion of FSIR in the
composites increases. When the content of FSIR is lower, the compatibility between SIR
and FSIR is greater, and the decrease in breakdown strength is smaller. Therefore, for the
SIR/FSIR composite with 5 phr FSIR, the breakdown strength is comparable to that of SIR
composite. However, as the blending ratio of FSIR continues to increase, the breakdown
strength continues to decrease. It can be seen that adding excess FSIR will lead to a decrease
in the insulation performance of the SIR/FSIR composite.

Figure 5. Weibull distributions of SIR/FSIR composites.

3.5. Static Contact Angle

The hydrophobicity of composites is characterized by contact angle testing. When
the SCA is larger, the sample surface has better hydrophobicity. Sun et al. [28] tested the
contact angle of the two insulator materials of SIR composites and FSIR composites, which
were 112.4◦ and 117.8◦. Figure 6 shows the SCA of SIR/FSIR composites. The SCAs are
108.9◦ and 115.5◦ for SIR composite and FSIR composite, respectively. The difference in the
hydrophobicity of this paper and the work of Sun may be due to experimental formulations
and test methods. FSIR has a lower surface free energy, meaning that its hydrophobicity
is stronger than that of SIR. In addition, for the SIR/SIR composites, the SCA gradually
increases with the increase in the FSIR content. This finding indicates that the higher the

48



Polymers 2023, 15, 3448

content of FSIR, the greater the hydrophobicity of the composites. When the proportion of
FSIR is increased to 5 phr, the SCA can be significantly increased by 3.9◦. With the SIR/FSIR
increasing to 90/10 and 80/20, the SCA is about 113.6◦ and shows a smooth trend. For the
scheme of 70/30, the SCA is slightly higher than the FSIR composites. This observation
is the same as the change law of crosslinking density, meaning that the intertwining of
molecular chains inside of the material to form a dense crosslinking network is conducive
to improving hydrophobicity.

Figure 6. Static contact angles of SIR/FSIR composites.

When the sample is served in a humid environment for a long time, its hydrophobicity
changes. Therefore, hydrophobic migration was analyzed. Figure 7 shows the variation
in SCA for SIR/FSIR composites measured after 96 h of immersion in water. After 96 h
of immersion, the SCA of FSIR composite decreases more significantly than that of SIR
composite. For the SIR/FSIR composites, the decreasing trend of SCA is more significant
for the increased proportion of FSIR. When SIR/FSIR is 95/5, the SCA decreases by 0.5◦
after 96 h immersion, while the SCA decreases by 3.6◦ when SIR/FSIR is 70/30. This
phenomenon indicates that the FSIR material has good surface hydrophobicity, but the
hydrophobicity migration occurred after internal water immersion. In addition, the SCA
of the blended material with FSIR composites after immersion is higher than that of the
un-immersed SIR composites. For example, the smallest SCA measured after immersion
of all SIR/FSIR blending composites was 112◦ for the scheme 90/10, but it is still larger
than the un-immersed SIR composite. Based on this result, we can further illustrate the
effectiveness of FSIR composite in improving hydrophobicity. Insulators made of SIR/FSIR
can have better hydrophobic stability in humid environments.

Figure 7. Migration of hydrophobicity in SIR/FSIR composites.
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4. Conclusions

In this paper, SIR/FSIR composites with different proportions of matrix materials were
prepared and found to have good compatibility. Firstly, the tensile strength decreased from
7.3 to 5.9 MPa when the content of FSIR was increased to 30 phr. The elongation at break and
the stress at 100% strain did not significantly change. When the stress was less than 1.5 MPa,
the modulus of elasticity of the composites tended to increase with the increase in FSIR
content. Secondly, the low-temperature resistance of the composites can be significantly
improved when the proportion of FSIR in the composites is relatively small. Compared to
SIR composite materials, the crystallization temperature of the composites is reduced from
−30 to −45 ◦C. Thirdly, the breakdown strength test reveals that when the FSIR content
is increased, it leads to a decrease in the overall insulating properties of the composites.
Finally, the SCA increases as the FSIR content increases for blending composites, and
the material hydrophobicity increases. When the samples were immersed for 96 h, the
hydrophobicity migration phenomenon occurred. As the proportion of FSIR increased, the
SCA decreased more significantly, which indicated that hydrophobicity weakened.

This research provides a reference point for the material formulation of SIR high-
voltage insulators. The huge demand for composite insulators has been shown in power
transportation, especially in cold weather or harsh environments. Insulators composed
of SIR/FSIR composites exhibit the advantage of having wider temperature application
range. In addition, owing to the increased hydrophobicity, the insulators using SIR/FSIR
composites as an umbrella sleeve material are expected to efficiently avoid flashover, which
could prolong the service life of the insulator and reduce the probability of the need to
replace the disabled insulator.
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Nomenclature

SIR Silicone rubber
FSIR Fluorosilicone rubber
HSO Hydroxy silicone oil
ATH Aluminum hydroxide
VTMS Vinyltrimethoxysilane
DBPH 2,5-dimethyl-2,5-di (tert-butylperoxy) hexane
SEM Scanning electron microscope
DMA Dynamic mechanical properties
SCA Static contact angle
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Abstract: Elastomer composites with low hysteresis are of great importance for sustainable develop-
ment, as they find application in billions of tires. For these composites, a filler such as silica, able to
establish a chemical bond with the elastomer chains, is used, in spite of its technical drawbacks. In
this work, a furnace carbon black (CB) functionalized with polar groups was used in replacement of
silica, obtaining lower hysteresis. CBN326 was functionalized with 2-(2,5-dimethyl-1H-pyrrol-1-yl)-
1,3-propanediol (serinol pyrrole, SP), and samples of CB/SP adducts were prepared with different SP
content, ranging from four to seven parts per hundred carbon (phc). The entire process, from the
synthesis of SP to the preparation of the CB/SP adduct, was characterized by a yield close to 80%. The
functionalization did not alter the bulk structure of CB. Composites were prepared, based on diene
rubbers—poly(1,4-cis-isoprene) from Hevea Brasiliensis and poly(1,4-cis-butadiene) in a first study
and synthetic poly(1,4-cis-isoprene) in a second study—and were crosslinked with a sulfur-based
system. A CB/silica hybrid filler system (30/35 parts) was used and the partial replacement (66% by
volume) of silica with CB/SP was performed. The composites with CB/SP exhibited more efficient
crosslinking, a lower Payne effect and higher dynamic rigidity, for all the SP content, with the effect
of the functionalized CB consistently increasing the amount of SP. Lower hysteresis was obtained
for the composites with CB/SP. A CB/SP adduct with approximately 6 phc of SP, used in place of
silica, resulted in a reduction in ΔG′/G′ of more than 10% and an increase in E’ at 70 ◦C and in σ300

in tensile measurements of about 35% and 30%, respectively. The results of this work increase the
degrees of freedom for preparing elastomer composites with low hysteresis, allowing for the use of
either silica or CB as filler, with a potentially great impact on an industrial scale.

Keywords: carbon black; elastomers; nanocomposites; rubber; functionalization

1. Introduction

Global greenhouse emissions, measured in carbon dioxide equivalents over a 100-year
timescale, were 54.59 billion tons in 2021 [1]. The United Nations (UN) has recognized the
importance of sustainable transport since the 1992 Earth Summit [2,3]. In fact, the energy
sector contributes more than 70% to global greenhouse emissions, with road transport
accounting for about 12% [4]. According to the UN’s mobility report, global freight volumes
and annual passenger traffic are projected to grow by 50% and 70%, respectively, compared
to 2015, with 2.4 billion cars on the road. In this context, tires play a major role, with
2.7 billion units forecast to be on the market by 2025 [5,6], contributing about 20% to
the global warming potential, 90% of which is derived from the use of cars. So-called
rolling resistance (RR), i.e., “the energy consumed per unit distance of travel as a tire
rolls under load” [7–9] is mostly responsible for the dissipation of energy and, hence, for
the environmental impact of a tire during its use. RR is influenced by the hysteresis of
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an elastomeric composite, which in turn is mainly due to the so-called filler networking
phenomenon, that is, the reversible interactions of the reinforcing filler particles [10–13].

Furnace carbon black (CB) [14–19] and precipitated silica [20,21] are the traditional
reinforcing fillers in tire compounds: they possess a high surface area and therefore high in-
terfacial area with the rubber matrix and are nanostructured, which means their aggregates
have voids able to occlude polymer chains, thereby promoting mechanical reinforcement.
Silica is the preferred filler for reducing the hysteresis of a rubber compound: the silanols
on the silica surface react with so-called coupling agents, which enable compatibility
with the silica and establish chemical bonds with the polymer chains [20,21], reducing
if not preventing the filler networking phenomenon. In order to reduce the hysteresis
of elastomeric composites for a dynamic-mechanical application such as the one in tire,
the filler–polymer chemical bond is a key feature, alongside the appropriate selection
of materials. The preferred coupling agents are silanes containing sulfur atoms [22,23],
such as bis(triethoxysilylpropyl)tetrasulfide (TESPT) [22]. Silica-based technology is well
established and the use of silica in tire compounds is steadily increasing. However, silica
presents remarkable drawbacks. It promotes the increase of compound viscosity, and this
leads to worse processability and to a shorter storage time of the composites, which makes
it necessary to change the planning of the production of the compounds as well as the
procedures for storing and moving them, with a clear impact on logistics. Particular mixing
equipment has to be used, which is more energy consuming and more expensive. Silica is
corrosive and abrasive, and the silane causes increased adhesiveness to the metal parts of
the mixing machines. Hence, the metal surfaces have to be treated with special substances,
which requires a revision of maintenance procedures. Moreover, compounds based on silica
suffer from a lack of electrical conductivity. All these technical problems are particularly
relevant on an industrial scale. It would be highly desirable to use, as a reinforcing filler
for an elastomeric composite with low hysteresis, a CB with the properties of traditional
CB grades but with chemical reactivity with rubber chains. This objective can be achieved
through introducing functional groups on the CB surface.

Some of the authors developed a functionalization method [24–29] which uses biosourced
molecules, is performed in the absence of solvents and catalyts and is characterized by high
yield (also higher than 95%) and carbon efficiency [30,31]. A solvent (acetone) was used
only to allow for the easy mixing of CB and the pyrrole compound in the lab. This method
is based on pyrrole compounds, with their general chemical structure shown in Figure 1.

Figure 1. Pyrrole compounds. General chemical structure (a); 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-
propanediol (serinol pyrrole, SP) (b).

The functionalization of CB [24,25], a high-surface-area graphite (HSAG) [26,27] and
carbon nanotubes [28] was performed through simply mixing the carbon materials and a
pyrrole compound (PyC), giving either thermal or mechanical energy. A domino reaction
occurs, in which the steps are the carbocatalyzed oxidation of the pyrrole compound in
the benzylic position and then the cycloaddition reaction with the carbon substrate [29].
It is worth highlighting the versatility of this functionalization reaction, which allows
us to attach nearly any type of R group. A large part of the research was performed
with 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-propanediol (serinol pyrrole, SP), whose chemical
structure is in Figure 1b. SP was prepared from the Paal Knorr reaction of a biosourced
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molecule, a glycerol derivative such as 2-amino-1,3-propandiol (known as serinol), with
2,5-hexanedione, which could be prepared from dimethylfuran [32–35]. SP is a Janus
molecule [27,36]: the pyrrole ring gives rise to a covalent bond with the carbon substrate
and the serinol moiety changes the solubility parameter of the carbon allotrope [27,28] and
promotes its chemical reactivity.

The CB/SP adduct appears to be an ideal filler for preparing rubber composites with
low dissipation of energy, avoiding or substantially reducing the use of silica. The OH
groups brought by SP on the CB surface can promote the interaction of CB with silica
and with the coupling agent TESPT, and hence with the elastomer chains. In this work,
CB/SP was used in replacement of a major amount of silica, in elastomeric composites
based on diene rubbers, with a CB/silica hybrid filler system. The objective was to at
least reproduce the properties of the silica-based compound, above all the low hysteresis.
For the preparation of the CB/SP adducts, CB N326 was used. According to the ASTM-
D1765 standard classification system for carbon blacks used in rubber products, this grade
of CB has a surface area of about 80 m2/g, remarkably lower than the one of the sp2

carbon allotropes used by some of the authors for the functionalization with SP: 300 m2/g
for HSAG [26] and 250 m2/g for CNT [28]. Hence, this work also had the objective
to investigate the robustness of the methodology based on pyrrole compounds for the
functionalization of CB. This technology appears of interest for its development to the
industrial scale. A major player in the tire field has reported the use of a pyrrole compound,
and in particular, of serinol pyrrole, for the industrial development [37].

The CB/SP adducts were characterized by means of thermogravimetric analysis (TGA)
and X-ray diffraction.

In a first study, the CB/SP adduct was used for the partial replacement of silica in
a composite based on poly(1,4-cis-isoprene) from Hevea Brasiliensis (natural rubber, NR)
and poly(1,4-cis-butadiene) with high 1,4-cis content. This type of composite is typically
used in an important tire compound such as the sidewall. In a second study, the CB/SP
adduct was analogously used in partial replacement of silica, with poly(1,4-cis-isoprene) as
the only rubber. Internal tire compounds, for carcass and belt, are typically based on this
type of rubber. In most cases, NR is used. However, to ensure the reproducibility of the
compounds’ properties, the synthetic poly(1,4-cis-isoprene) (IR) from Ziegler-Natta catalysis
is sometimes used in place of NR. In this study, the choice of IR in place of NR was aimed
at avoiding the interaction of the polar CB/SP with the polar groups which are present at
the NR chain ends, proteins and phospholipids. The compounds were crosslinked with a
sulfur-based system and were characterized by means of dynamic-mechanical tests, both
in the shear and in the axial mode, and tensile measurements.

2. Materials and Methods

2.1. Materials
2.1.1. Chemicals

All reagents and solvents were purchased and used without further purification:
2-amino-1,3-propanediol, 2,5-hexanedione, acetone from Sigma-Aldrich; TESPD 3,3′-bis
(triethoxysilylpropyl)disulfide from Flexys, Ann Arbor, MI, USA.

The following chemicals have been used for the preparation of the elastomeric com-
posites discussed in this paper: X50S (50% carbon black, 50% silane, Degussa, Milan, Italy),
ZnO (Zincol Ossidi, Bellusco, MB, Italy), Stearic acid (Sogis, Milan, Italy), 1,3-dimethyl
butyl)-N′-Phenyl-p-phenylenediamine (6PPD from Eastman, Kingsport, TN, USA), Sulfur
(S from Solfotecnica, Cotignola, Italy), N-tert-butyl-2-benzothiazyl sulfenamide (TBBS from
Lanxess Chemical, Shangai, China), N-(Cyclohexylthio)phthalimide (PVI, Brenntag, S.p.A.,
Milan, Italy).

2.1.2. Elastomers

Poly(1,4-cis-isoprene) from Hevea brasiliensis (NR) (EQR-E.Q. Rubber, BR-THAI,
Eastern GR. Thailand—Chonburi) had the trade name SIR20 and 73 Mooney Units (MU) as

55



Polymers 2023, 15, 3120

Mooney viscosity (ML(1 + 4)100 ◦C). Synthetic poly (1,4-butadiene) (BR) was Neocis BR 40
from Versalis, with a 43 Mooney Viscosity (ML(1 + 4)100 ◦C). Synthetic poly-1,4-cis-isoprene
(IR) was from Nizhnekamskneftechim Export, with the trade name SKI3 and 70 Mooney
Units (MU) as Mooney viscosity (ML (1 + 4) 100 ◦C).

2.1.3. Fillers

Carbon black N326 was kindly provided by Birla Carbon (Atlanta, GA, USA). Data
from the technical data sheet are as follows. Oil absorption number (OAN): 72 mL/1000,
nitrogen specific surface area (NSA): 78 m2/g, statistical thickness surface area (STSA):
78 m2/g.

Silica ZEOSIL 1165 MP were white micropearls from Solvay (Brussels, Belgium). Data
in the technical data sheet are as follows. Specific surface area: 140–180 m2/g, loss on
drying (2 h @ 105 ◦C) ≤8.0%, soluble salts (as Na2SO4) ≤2.0%. In this work, the surface
area was determined using the BET method. Samples were evacuated at 200 ◦C for 2 h
and N2 adsorption isotherms were recorded at 77 K in a liquid nitrogen bath using a
MICROACTIVE TRISTAR ® II PLUS apparatus. The specific surface area (SSA) was found
to be 160 m2/g.

2.2. Preparation of SP and CB/SP Adducts
2.2.1. Synthesis of 2-2,5-Dimethyl-1H-pyrrol-1-yl-1,3-propanediol (SP)

In a round bottom flask, equipped with a condenser and magnetic stirrer, 16.23 g
of serinol (0.1781 mol) was suspended in 21 mL of 2,5-hexanedione (0.1780 mol, 1 eq),
the temperature was raised to 150 ◦C and stirring was performed for 2 h. The condenser
was then removed, and the reaction mixture was stirred for a further 30 min. The water
evaporated during the synthesis. The product was collected as a brown, viscous liquid
without any further purification (27.73 g, 0.1639 mol). The yield was calculated using
the following expression: 100 × (weighed mass of SP)/(theoretical mass of SP). It was
calculated to be about 92%. NMR spectra are reported in the Supplementary Materials
(Figure S1).

1H NMR (CDCl3, 400 MHz); δ (ppm) = 2.27 (s, 6H), 3.99 (m, 4H); 4.42 (quintet, 1H);
5.79 (s, 2H). 13C NMR (DMSO-d6, 100 MHz); δ (ppm) = 127.7, 105.9, 43.72, 71.6, 61.2, 13.9.

2.2.2. Preparation of Adducts of CB N326 with SP

Pristine CB N326 (1.0 g) and SP dissolved in acetone were poured in a 50 mL round
flask, with a total amount of acetone suitable to completely cover the powder. The mixture
was sonicated for 15 min. The solvent was then removed under reduced pressure and the
resulting dry powder was heated through immersing the flask in a silicon bath.

The dry powder was then heated at different temperatures in order to obtain three
different adducts, in particular: (i) at 150 ◦C functionalization temperature with SP at 10 phc
(CB/SP-6); (ii) at 120 ◦C functionalization temperature with SP at 10 phc (CB/SP 5); (iii) at
120 ◦C functionalization temperature with SP at 5 phc (CB/SP-4).

After the reaction, the adduct CB-SP was cooled to room temperature and then washed
with a Soxhlet extractor overnight, using acetone as the solvent. The wet powder was
dried in the oven at 80 ◦C for 1 h. The dry powder and the SP possibly extracted were not
weighed. The functionalization yield, reported in the following, was thus estimated by
means of TGA measurements.

2.3. Preparation of Elastomer Composites
2.3.1. Elastomer Composite with CB/SP-6

The recipe is in Table 1. The reference composite, without CB/SP, is indicated as
the “silica” composite. The CB/silica hybrid filler system, in the (30/35 parts) ratio, was
adopted in previous works (results not reported) and appeared to be suitable, in the present
study, to investigate the behavior of CB/SP. The processing procedure is shown in Figure 2.
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Table 1. Recipes of NR/BR-based composites with CB/SP-6 a.

Ingredient Silica CB/SP-6

NR (SIR-20) 70 70
BR 30 30

Silane/CB 5.6 5.6
N326 30 30.0
Silica 35 12

CB/SP-6 0 19.72
a Other ingredients (phr): stearic acid 2, ZnO 4, 6PPD 2, sulfur 2, TBBS 1.8, N-cyclohexylthiophthalimide 0.5.

Figure 2. Block diagram of the process for the preparation of rubber composites.

2.3.2. Elastomer Composite with CB/SP-4 and CB/SP-5

The recipe is in Table 2. The reference composite, without CB/SP, is indicated as the
“silica” composite. The processing procedure is shown in Figure 2.

Table 2. Recipe of IR-based composites with silica, CB N326 and CB/SP a as the fillers b.

Ingredients Silica CB/SP b

IR 100.00 100.00
Silica 35.00 12.00

CB/TESPT 5.60 5.60
CB N326 30.00 30.00
CB—SP 0.00 19.72

a either CB/SP-5 or CB/SP-4. b Other ingredients (phr): stearic acid 2, ZnO 4, 6PPD 2, sulfur 2, TBBS 1.8,
N-cyclohexylthiophthalimide 0.5.

2.4. Characterization Techniques
2.4.1. Thermogravimetry Analysis (TGA) of CB/SP Adducts

TGA analysis were performed with a TGA TA instrument Q500 (TA instrument, New
castle, DE) according to the following method: heating under a nitrogen blanket from
30 ◦C to 300 ◦C at 10 ◦C/min, isothermal step at 300 ◦C for 15 min, heating to 550 ◦C at
20 ◦C/min, isothermal step for 15 min, heating to 900 ◦C at 10 ◦C/min, isothermal step for
3 min, shift from nitrogen to air, final isothermal step for 30 min.
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In this work, the amount of SP in the CB/SP adduct is expressed in parts per hundred
carbon (phc), which were estimated using Equation (1), where (weight loss)150–900◦C = x.

SP (phc) = 100· x
(100 − x)

(1)

The yield of the functionalization process, from the weight of reactants to the esti-
mation of the mass loss of CB/SP adduct via TGA, was calculated by means of Equation
(2).

Process yield (%) = 100 ·
SP mass % in (CB/SP adducts)a f ter washing

SP mass % in CB − SPreactants mixture
(2)

2.4.2. Wide-Angle X-ray Diffraction

With a Bruker D8 Advance automatic diffractometer (Bruker Italia SRL, Milan, Italy)
and nickel-filtered Cu-Kα radiation, wide-angle X-ray diffraction patterns were carried out
in reflection. The range of 4.7◦ to 90◦ was used to record the patterns because these angles
were the 2θ peak diffraction angles.

Spectra were developed using Origin Pro 2018.
From the Bragg law (Equation (3)), the distance between crystallographic planes was

estimated.
dhkl =

n·λ
2·sin θhkl

(3)

where n is an integer number, λ is the wavelength of the irradiating beam and θhkl is the
diffraction angle.

The Scherrer equation (Equation (4)) was used to calculate the Dhkl crystallite dimen-
sions using the chosen planes.

Dhkl =
k·

βhkl ·cos θhkl
(4)

where βhkl is the width at half height, θhkl is the diffraction angle, K is the Scherrer constant
and λ is the wavelength of the irradiating beam.

As shown in the following equation (Equation (5)), the number of layers was simply
calculated through dividing the crystallite size of the (002) plane, which corresponds to the
perpendicular dimension of the multi-layered material, by the interlayer distance.

number o f layers =
Dhkl
dhkl

(5)

2.4.3. Crosslinking

It was performed in a rubber process analyzer (Monsanto R.P.A. 2000, Alpha Tech-
nologies Hudson, Ohio, USA). An amount of 5 g of rubber composite was weighed and
put in the rheometer. Measurements were carried out at a frequency of 1.7 Hz and an
oscillation angle of 6.98%. The sample, loaded at 50 ◦C, underwent a first strain sweep
(0.2–25% strain) to cancel the thermo-mechanical history of the rubber composite; it was
then maintained at 50 ◦C for 10 min and then underwent another strain sweep at 50 ◦C to
measure the dynamic-mechanical properties at low deformations of the uncured sample. A
crosslinking reaction was then carried out at 170 ◦C for 10 min. A torque–time curve was
obtained. The minimum achievable torque (ML), the maximum achievable torque (MH),
the time required to have a torque equal to ML + 1 (tS1) and the time required to reach 90%
of the maximum torque (t90) were measured.

2.4.4. Dynamic-Mechanical Analysis in the Shear Mode Strain Sweep Test

The shear dynamic-mechanical characteristics of the rubber compounds were evalu-
ated through performing strain sweep tests in a rubber process analyzer (Monsanto R.P.A.
2000, Alpha Technologies Hudson, Ohio, USA). As reported in Section 2.4.3, the crude sam-
ple was subjected to a first strain sweep, was then held at 50 ◦C for ten minutes, followed
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by another strain sweep at 50 ◦C. Data from the second strain sweep were collected and are
reported in the text below to discuss the behavior of uncured samples. The crosslinking was
then carried out, as reported in Section 2.4.3, and the shear dynamic-mechanical properties
of the cured samples were then assessed after 20 min at 50 ◦C using a 0.2–25% strain sweep
at a frequency of 1 Hz. Shear storage and loss moduli (G′, G′′), and subsequently Tan δ,
were measured characteristics.

2.4.5. Dynamic-Mechanical Analysis in the Axial Mode

The elastomeric compound was rolled up to obtain a long cylinder. This cylinder
was then cut into smaller cylinders and vulcanized (at 170 ◦C for 10 min) to produce
cylindrical test pieces with dimensions of 25 mm in length and 12 mm in diameter. An
Instron dynamic device (Instron, Buckinghamshire, UK) in traction–compression mode
was employed to perform dynamic mechanical measurements and was maintained at the
predetermined temperatures (10, 23 and 70 ◦C) throughout the entire experiment. The
cylinder was preloaded to a 25% longitudinal deformation with respect to the original
length. The compression was subjected to a dynamic sinusoidal strain in compression with
an amplitude of around 3.5% regarding the length under pre-load, at a frequency of 100 Hz.
This generated the values of dynamic storage modulus (E′) and loss modulus (E′′), as well
as loss factor (tan δ), calculated as the ratio between E′′ and E′.

2.4.6. Tensile Test

Standard dumbbells made from 10 cm by 10 cm by 1 mm vulcanized compound plates
were used to perform tensile tests at room temperature with a Zwick Roell Z010 and an
optical extensometer. Measurements were performed at 1 mm/min. Stresses at different
elongations (respectively σ50, σ100, σ300), stress at break (σB), elongation at break (εB) and
the energy required to break were measured according to Standard ISO [38].

2.4.7. Electrical Resistance

Keysight Technologies 34,450 A 5 1
2 Digital Multimeter (Keysight Technologies SRL,

Milan, Italy) was used to measure the electrical resistance of rubber composites. The
measurements were taken with a hand-applied four-point probe (FPP) with four distinct
gold-coated points. (Each tip has an area of 18 mm2). Only two of the FPP’s points were
used as crocodile clips for volumetric measurement. The samples are 3.5 cm diameter cured
rubber compound disks with a thickness of 3 mm. For each composite, five measurements
were taken.

2.4.8. Headspace Analyses

Headspace analyses were carried out using an Agilent HS-Autosampler 7697A, an
Agilent GC 6890 N and an Agilent MS 5975C.

3. Results and Discussion

3.1. Preparation and Characterization of CB/SP Adducts

The synthetic pathway for the preparation of the CB/SP started from the synthesis of
SP, which was carried out as described elsewhere [28]. Quantitative yield [39] was achieved
(96%), with water as the only co-product and thus with very high carbon efficiency [30,31],
i.e., with a high amount of the reagents’ carbon atoms present in the final product.

For the preparation of the CB/SP adducts, CB N326 was used. As mentioned in the In-
troduction, this grade of carbon black has a surface area of about 80 m2/g, remarkably lower
than the one of the sp2 carbon allotropes used by some of the authors for functionalization
with SP.

The procedure for the preparation of the CB/SP adduct is in Figure 3.

59



Polymers 2023, 15, 3120

Figure 3. Procedure for the preparation of the CB/SP adduct.

Details are in the experimental section. In brief, CB and SP were mixed in acetone, and
sonication was then performed to prepare a homogeneous dispersion. After the removal of
the solvent, the temperature was increased, either to 120 ◦C or to 150 ◦C, and the reaction
was carried out for 4 h. The adducts were then washed with acetone, to completely remove
the unreacted SP. In this procedure, already used for preparing adducts with HSAG [27] and
CNT [28], a solvent such as acetone was used, to allow for easy mixing at the lab scale. For
the scale-up of the reaction, an organic solvent for the preparation of the physical mixture
could be avoided, for example, through using an apparatus such as a spray dryer [40].

Adducts with different amounts of SP were prepared through adopting different
reaction temperatures and different amounts of SP in the reaction mixture. When the
reaction was performed at 150 ◦C, 10 parts of SP per hundred parts of CB (phc) was used.
In the case of the reaction carried out at 120 ◦C, 5 and 10 phc of SP were used. The amount
of SP in the adducts was estimated by means of TGA analysis. Data of mass losses are in
Table 3. The thermographs are in Figure S2 in the Supplementary Material. Three main
steps can be seen in the decomposition profile: at a temperature below 150 ◦C, between
150 ◦C and 800 ◦C and above 900 ◦C. Low-molar-mass substances, such as adsorbed water
or the acetone used for washing, could be responsible for the mass loss at T < 150 ◦C.
The decomposition of PyC and the alkenylic defects of CB can account for the mass loss
between 150 ◦C and 900 ◦C. Residues at T > 900 ◦C were not observed or were present in a
very low amount (about 0.5%).

Table 3. Mass losses of CB and CB/SP adducts from TGA analysis.

Sample
SP a

(phc)
Reaction

T (◦C)

Mass Loss (%) SP
in CB/SP

(phc)

F.Y. b

(%)T < 150 ◦C 150 ◦C < T < 900 ◦C T > 900 ◦C

CB/SP-6 10 150 0.2 5.6 94.2 5.9 59
CB/SP-4 5 120 0.7 3.8 95.0 c 4.0 80
CB/SP-5 10 120 0.4 4.8 94.1 d 5.1 51

a amount of SP in the reaction mixture; b functionalization yield (see Equation (1)); c residue: 0.6%; d residue:
0.7%.

The content of SP in the adducts (in phc) was estimated on the basis of the mass loss
between 150 ◦C and 900 ◦C, which, as mentioned above, could be also due to the defects of
CB, which, however, are supposed to react with SP to form the adducts. The estimation of
the SP content was made by means of Equation (1) (see Section 2.4.1) and is shown, with
phc as the measure unit, in Table 3. In the following, the adducts are named with a round
figure indicating the level of functionalization. The yield of the whole functionalization
process was estimated by means of Equation (2) (see Section 2.4.1). Through performing
the functionalization with a higher amount of SP (10 phc) at 150 ◦C, a yield of about 60%
(at 150 ◦C) or about 50% (at 120 ◦C) was achieved, lower than the ones reported in the
case of HSAG [26,27] and CNT [28], sp2 carbon allotropes with remarkably higher surface
area. Functionalization carried out with a lower amount of SP (5 phc) led to about 80%
functionalization. The amount of SP in the reaction mixture seems to play a major role
with respect to the functionalization temperature. The moderate surface area of CBN326
could account for these findings. In consideration of the yield for the SP synthesis, in the
case of CB/SP-4, a yield close to 80% was obtained for the global process for preparing the
CB/SP adduct.
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X-ray analysis was performed on CB and on the adducts CB/SP-4 and CB/SP-5. CB is
made up of poorly organized areas (disordered and amorphous carbons) and, mostly, of
aggregates made by a few graphene layers, assembled in spherical particles. The patterns
are in Figure 4, and the parameters indicating the size of crystallites in the direction
orthogonal and parallel to the structural layers, the interlayer distance and the anisotropic
index are in Table S1 in the Supplementary Material.

Figure 4. X-ray diffraction patterns of pristine CB N326 (a), CB/SP-4 (b), CB/SP-5 (c).

The diffraction peaks were observed at the following 2θ values: 24.46◦ (002) and 43.99◦
(100) for CB/SP-4 and at 24.41◦ (002) and 43.79◦ (100) for CB/SP-5. The values reported
in Table S1 indicate that the functionalization did not alter the crystalline structure of CB,
as already observed for HSAG [27] and CNT [28]. These results confirm that the pyrrole
methodology for the functionalization of the sp2 carbon allotropes modifies the surface
properties without affecting the crystalline structure of CB. Traditional oxidation methods
of CB, for example, with HNO3, were shown to be able to destroy the CB structure, leading
to graphene layers [41].

3.2. Preparation and Characterization of Rubber Composites

Two studies were performed, changing the rubber matrix and the extent of SP in the
CB/SP adduct.

Composites based on BR/NR. In the first study, composites were based on BR and NR,
and the hybrid filler system was made up of silica and CB (35 phr and 30 phr, respectively).
As mentioned in the Introduction, this type of composite is suitable for a tire sidewall
compound with a low hysteresis. CB/SP-6 was used in the partial replacement of silica:
66% by volume. Recipes are in Table 1. The same amount of the coupling agent, the silane
TESPT, was used in both the composites. The compounding procedure is in Figure 2. In
the first step, silica was mixed with the rubber in the presence of silane TESPT to allow the
interaction of TESPT with silica and the occurrence of the silanization reaction, at least to
some extent. CB/SP and CB were fed in the second step.

The crosslinking was performed with a sulfur-based system. The rheometric curves
are in Figure 5 and data of minimum modulus ML, maximum modulus MH, induction
crosslinking time ts1, optimum crosslinking time t90 and curing rate are in Table S2 in the
Supplementary Material.
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Figure 5. Rheometric curves for rubber composites of Table 1.

Similar values of ML were obtained. ML is an index of the viscosity of the composite
and, for composites with the same rubber matrix and loaded with the same volume of
reinforcing fillers, is essentially due to the extent of the filler network, which appears,
thus, to be similar in the two composites. A remarkably higher MH was obtained with
CB/SP. The values of MH are due to the extent of both the crosslinking network and the
filler network. In fact, the maximum amplitude explored through the shear test is not
enough to completely disrupt the filler network. Values of induction and optimum times
of vulcanization are similar for the two composites, whereas a remarkably higher curing
rate was obtained for the composite with CB/SP. In the presence of similar ML, and taking
also in consideration that the two composites contained the same amount of sulfur atoms,
the higher value of MH for the composite with CB/SP could be due to a more efficient
vulcanization, with the formation of a higher crosslinking network density and/or shorter
sulfur bridges. The higher MH and curing rate could be due to the presence of sp3 nitrogen
atoms on the CB surface. This hypothesis is proposed assuming that TESPT plays its role
for the functionalization of the filler(s) rather than as sulfur donor. The silanization of
CB/SP with a silane is discussed below in the text. However, further studies are needed to
clarify this point.

Dynamic-mechanical properties were determined in the shear mode through perform-
ing strain sweep experiments in the range from 0.2% to 25%, as described in the experimen-
tal section. Data are in Table 4, and curves of G′ and tan delta are in Figures S3 and S4 in
the Supplementary Material.

Table 4. Dynamic-mechanical properties from shear tests of composites of Table 1.

Silica CB/SP-6

G′
0.2% [MPa] 2.52 2.30

G′
25% [MPa] 0.94 0.94

ΔG′ [MPa] 1.58 1.36
ΔG′/G′

0.2% 0.67 0.59
G′′

max [MPa] 0.15 0.15
Tan(δ)max 0.11 0.11

With respect to the reference composite, CB/SP led to lower values of ΔG′ and
ΔG′/G′

γmin, whereas the G′′
max and the Tan δmax are in line. The replacement of sil-
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ica with CB/SP appears to reduce the Payne effect [42–45] and hence reduce the filler
networking phenomenon.

Dynamic-mechanical properties were also determined in the axial mode through
applying sinusoidal stress as described in the experimental section. Data of E′, E′′ and Tan
delta, measured at 10 ◦C, 23 ◦C and 70 ◦C, are in Table 5, and the dependence of E′ and Tan
delta on temperature are in Figure 6, Figure 6a and Figure 6b, respectively.

Table 5. Axial dynamic-mechanical properties of composites of Table 1.

T (◦C) Silica CB/SP-6

E’ (Mpa)
10 5.33 7.20
23 5.03 6.72
70 4.27 5.72

E” (MPa)
10 1.13 1.41
23 0.86 1.04
70 0.52 0.56

Tan δ

10 0.21 0.20
23 0.17 0.16
70 0.12 0.10

Figure 6. Dependence on temperature of E′ (a) and Tan delta (b) for the composites of Table 1.

With respect to the reference composite, CB/SP-6 led to remarkably higher values of
E’, at every temperature, and lower values of Tan delta, particularly at high temperature.
These results indicate a lower extent of the filler network and are in line with those from
the shear tests.

Tensile properties were determined through quasi-static measurements. Data of
stresses at different elongations and stress, strain and energy at break are in Table 6, and
curves are in Figure S5 in the Supplementary Material.

Table 6. Tensile properties of composites of Table 1.

Silica CB/SP-6

σ100 (Mpa) 2.21 ± 0.03 3.39 ± 0.03
σ200 (MPa) 6.28 ± 0.12 9.05 ± 0.11
σ300 (Mpa) 13.61 ± 0.25 17.58 ± 0.22
σ300/σ100 6.15 ± 0.22 5.18 ± 0.13
σB (Mpa) 30.34 ± 1.15 25.91 ± 1.19
εB (%) 504.22 ± 10.14 392.94 ± 7.15

Energy (J/cm3) 60.18 ± 2.54 41.16 ± 4.52

CB/SP led to remarkably higher values of stress at every strain and to lower stress,
elongation and energy at break. These results appear to be in line with the higher values of
dynamic rigidity. To account for the lower values of the ultimate properties, though for
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both the composites remarkable values were obtained, the ability of CB/SP to interact with
silica and to give potentially rise to filler agglomerates should be investigated, in future
studies. Moreover, the viscosity of the composite could play a role.

Composites based on IR. In the second study, composites were based on IR as the only
rubber and, analogously to the first study, a hybrid silica/CB filler system (35 phr and
30 phr, respectively) was used. As reported in the Introduction, this type of composite, with
NR as the rubber, is suitable for internal tire compounds with low hysteresis. The recipes of
the composites are in Table 2. The replacement of silica with CB/SP was performed at the
same level as in the first study (66% by volume), and the two samples of CB/SP adducts,
CB/SP-4 and CB/SP-5, were used. The main objective of this study was to investigate
the effect of CB/SP adducts with a lower level of SP. Composites were prepared via melt
blending with the same procedure used for the first study, shown in Figure 2.

Sulfur-based crosslinking was investigated with a rheometric test. Rheometric curves
are in Figure 7, and data of ML and MH, t90, ts1 and curing rate are in Table S3 in the
Supplementary Material.

Figure 7. Vulcanization curves of IR-based compounds: torque versus time.

The crosslinking curve of the composite with the whole amount of silica reveals the
reversion phenomenon, absent for the composites with CB/SP, which also give rise to
lower ML values, particularly with CB/SP-4. The highest value of MH was obtained with
CB/SP-5. These results indicate that even a subtle difference of the SP amount in the CB/SP
adduct have an appreciable effect on the crosslinking behavior and suggest that a higher
amount of SP leads to higher composite’s viscosity and, particularly, to more efficient
vulcanization. Moreover, they appear to be in line with those obtained in the first study.

Strain sweep experiments in the shear mode were carried out, as described in the
experimental section, similar to the first study. Data collected from the experiments on
both uncured and cured samples are considered. The curves of G′ vs. strain amplitude
for the uncured and cured samples of Table 2 are to be seen in Figure 8a and Figure 8b,
respectively, and the curves of Tan delta vs. strain amplitude for the uncured and cured
samples of Table 2 are shown in Figure 9a and Figure 9b, respectively. Data of G′

0.2%, G′
25%,

ΔG′/G′
0.2%, G′′

max and Tan(δ)max for the uncured and cured samples are in Table S4 and
in Table S5, respectively, in the Supplementary Material. The curves of G′ for the uncured
samples with CB/SP in Figure 8a overlap and lie below the curve of the reference silica
sample, throughout the range of strain amplitudes. The lower values of ΔG′/G′

0.2% for the
CB/SP samples suggest that the replacement of silica with the functionalized CB leads to a
lower Payne effect [41–44]. The dependence of G′ on the strain amplitude for cured CB/SP-
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4 and CB/SP-5 samples appears to be different, as shown in Figure 8b. Higher values of
G′ were obtained with CB/SP-5, and a crossover of the curves due to the CB/SP-5 and
the reference silica samples can be observed: higher values of G′ at high strain amplitude
were obtained with the CB/SP-5 sample. The replacement of silica with CB/SP leads to the
reduction of ΔG′ and ΔG′/G′, and, hence, of the Payne Effect, as well as to the reduction of
Tan delta. The reduction of ΔG′/G′, in relation to the reference composite without CB/SP,
can be correlated with the amount of SP in the adduct. It is worth observing that these
results are in line with those obtained in the first study and that even a slight difference in
the SP content in the CB/SP adduct leads to an appreciable different behavior in the strain
sweep test. Although it is challenging to compare data from different studies, based on
different rubber matrices, the numbers in Table 4 and Table S5 allow for the calculation of a
percentage reduction in ΔG′/G′, of approximatively 5, 8 and 12% for composites with CB-4,
CB-5 and CB-6, respectively, compared to the reference composites without CB/SP. This
elaboration should be intended only as a qualitative indication of the correlation between
the extent of CB functionalization with SP and the modification of the properties of the
reference composite.

Figure 8. G′ vs. Strain curve for rubber composites of Table 2 (a) uncured (b) cured.

Figure 9. Tan delta vs. Strain curve for rubber composites of Table 2 (a) uncured (b) cured.

Axial dynamic-mechanical properties were obtained as outlined in the experimental
section. Data of E′, E′′ and tan δ, measured at 10 ◦C, 23 ◦C and 70 ◦C, are in Table 7, and
the dependence on temperature of E′ and Tan delta is in Figure S6a,b in the Supplementary
Material.

The replacement of silica with the CB/SP adducts led to higher dynamic rigidity:
higher values were obtained with higher SP content. As observed for the dynamic-
mechanical properties in the shear mode, the values of E′ from axial measurements can
also be correlated with the amount of SP in the CB/SP adducts. As already commented,
it is indeed hard to compare values obtained in different studies with different polymer
matrices. However, it can be noticed that the increase of E′, with respect to the reference
composite without CB/SP, was (%) 8, 13 and 35 at 10 ◦C and 3, 11 and 34 at 70 ◦C for
CB/SP-4, CB/SP-5 and CB/SP-6, respectively. These findings indicate the prevailing effect
of CB/SP on the dynamic-mechanical properties of the rubber composite, in spite of the
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different rubber matrices and the different grades (different providers) of CB. The reduction
of hysteresis was achieved with the greater amount of SP.

Table 7. Axial dynamic-mechanical properties of composites of Table 2.

T (◦C) Silica CB/SP-4 CB/SP-5

E′ [Mpa]
10 7.09 7.67 8.00
23 6.51 6.91 7.22
70 5.69 5.83 6.30

E′′ [Mpa]
10 1.89 2.09 2.05
23 1.49 1.64 1.60
70 0.84 0.83 0.85

Tan (δ)
10 0.27 0.27 0.26
23 0.23 0.24 0.22
70 0.15 0.14 0.13

Quasi-static measurements were used to determine the composites’ tensile charac-
teristics. The tensile curves are in Figure 10 and data are reported in Table S6 in the
Supplementary Material.

Figure 10. Tensile curves of composites of Table 2.

Higher values of stresses at every elongation and at break were obtained with CB/SP
in the composites in place of silica. The highest values were for the sample with the highest
amount of SP in the adduct. This larger mechanical reinforcement was accompanied by
a lower elongation at break, though all the composites achieved high elongations. These
findings are in line with what was observed in the first study. The ultimate properties
appear to be closer to those of the reference composite in this second study. The higher
viscosity of the rubber matrix could play a role. However, the ability of CB/SP to interact
with silica and potentially to give rise to filler agglomerates could lead to lower elongation
at break and it should be investigated in future studies. It is worth adding that data from
optical microscopy revealed that the CB dispersion was not appreciably modified through
the use of CB/SP in place of silica. Values are in Table S7 in the Supplementary Material.

As mentioned in the Introduction, the replacement of silica with CB/SP could have a
positive effect on the electrical conductivity of the elastomer composite. In this work, the
electrical resistance was measured, as reported in the experimental section, for the samples
of composites in Table 2. In particular, the data reported in Table 8 refer to the electrical
properties of the silica and the CB/SP 4 compounds.
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Table 8. Electrical resistance of composites of Table 2: reference silica and CB/SP-4 composites.

Sample Resistance [MΩ]

Silica 1.9 ± 0.3
CB—SP 4 (5.4 ± 1.0) × 10−3

The measures show that a substitution of 66% in volume of silica with CB/SP 4 de-
crease the resistance by three orders of magnitude with respect to the reference.

3.3. Silanization of CB/SP

Preliminary studies have been conducted to investigate the reactivity of CB/SP with
a sulfur-based silane such as bis(triethoxysilylpropyl)tetrasulfide (TESPD). Details are in
the experimental section. In brief, headspace (HS) analyses were performed at 150 ◦C for
20 min, measuring the ethanol emission from the reaction of TESPD with CB, SP and CB/SP.
In these reactions, the amount of TESPD and the molar TESPD/OH ratio were kept constant.
The area of the ethanol GC peak was correlated with the extent of silanization [12]. In
Figure 11, the chromatograms of the volatiles of the above-mentioned samples are reported
and compared.

Figure 11. Chromatograms from HS-MS testing at 150 ◦C for 20 min of TESPD (black), TESPD + SP
(red), TESPD + pristine CB (blue) and TESPD + CB/SP (green).

The area of the ethanol peak coming from the reaction of TESPD with SP is larger
than the area of the pure TESPD. The area of the ethanol peak coming from the reaction of
TESPD with CB/SP sample is the largest. These findings suggest that the OH of the serinol
moiety of SP reacts with TESPD and that a silanization reaction of CB/SP can occur. The
reactivity of the OH on the CB surface could explain the appreciable differences among the
composites’ properties, observed even in the presence of a subtle difference in SP content
in the CB/SP adducts.

3.4. On the Reactivity of CB/SP

The results discussed above show that CB/SP can replace silica in elastomeric com-
posites, resulting in higher dynamic rigidity, lower hysteresis and higher stresses at every
elongation in tensile tests. Moreover, it is worth highlighting the appreciable differences
among composites containing CB/SP adducts with a subtle difference of SP content. These
findings appear to support the working hypothesis reported in the Introduction: CB func-
tionalized with SP acts as a polar filler and is able to interact with both silica and the
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coupling agent TESPT. The results of the silanization study discussed in the previous para-
graph confirm the ability of CB/SP to react with sulfur-based silane. In a recent paper [46],
some of the authors demonstrated the ability of serinol pyrrole to react with silica. SP
was used as coupling agent of silica in place of TESPT. The reactivity with silica was due
to the serinol moiety, which is on CB’s surface in the CB/SP adduct. Hence, it can be
concluded that the OH on the CB surface can enhance the reactivity of CB with polymer
chains, mediated either by silica or by the sulfur-based silane.

4. Conclusions

This work demonstrates that silica is not the sole nanostructured reinforcing filler for
elastomer composites with low hysteresis. In fact, a furnace carbon black functionalized
with SP was used in rubber composites based on diene elastomers and a CB/silica hybrid
filler system, replacing 66% of silica by volume, thus obtaining more efficient vulcanization,
a lower Payne Effect, higher dynamic rigidity, low hysteresis and increased stresses in
tensile measurements. Thus, a furnace CB, even with relatively low surface area (80 m2/g),
when functionalized with a polar modifier such as serinol pyrrole, can replace a significant
portion of silica, leading to composites with even lower hysteresis. The functionalization
of CB with SP is achieved through a simple mixing and heating process, yielding a high
carbon efficiency without the need for catalysts and, potentially, for solvents. Traditional
formulation and melt blending can be applied. The chemical modification of CB appears to
play a major role. The OH groups facilitate interaction with silica and with silane TESPT
and, thus, with the polymer chains. The sp3 nitrogen atom could be responsible for the
efficient sulfur-based crosslinking and the high dynamic rigidity. The lower Payne effect
and the lower hysteresis, compared to the silica-based composite, could be attributed to
the synergy between chemical reactivity and the lower surface area of CB.

All the procedures here described can be easily scaled up to the industrial level. As
mentioned in the introduction, a major player in the tire industry is currently undertaking
this work.

This research highlights the potential of carbon fillers with polar groups in the de-
velopment of elastomer composites with low environmental impact. Furnace CB is oil
based and is not considered a sustainable material. CB from different sources are under
development: bio char from renewable sources and circular char from end-of-life polymer
products. These chars typically have low surface area and are not nanostructured. How-
ever, this work shows that these drawbacks could be overcome through chemical reactivity.
Functionalization with pyrrole compounds appears to pave the way for the development
of new, more sustainable generations of carbon materials.
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Abstract: As the world is shifting from internal combustion engine vehicles to electric vehicles
in response to environmental pollution, the tire industry has been conducting research on tire
performance to meet the requirements of electric vehicles. In this experiment, functionalized liquid
butadiene rubber (F-LqBR) with triethoxysilyl groups at both ends was introduced into a silica-filled
rubber compound as a substitute for treated distillate aromatic extract (TDAE) oil, and comparative
evaluation was conducted according to the number of triethoxysilyl groups. The results showed
that F-LqBRs improved silica dispersion in the rubber matrix through the formation of chemical
bonds between silanol groups and the base rubber, and reduced rolling resistance by limiting chain
end mobility and improving filler–rubber interaction. However, when the number of triethoxysilyl
groups in F-LqBR was increased from two to four, self-condensation increased, the reactivity of the
silanol groups decreased, and the improvement of properties was reduced. As a result, the optimized
end functionality of triethoxysilyl groups for F-LqBR in silica-filled rubber compound was two. The
2-Azo-LqBR with the optimized functionality showed an improvement of 10% in rolling resistance,
16% in snow traction, and 17% in abrasion resistance when 10 phr of TDAE oil was substituted.

Keywords: liquid butadiene rubber; radical polymerization; silica-filled compound; rubber
compounding; passenger car radial tire tread

1. Introduction

In response to greenhouse gas emissions and various environmental pollution prob-
lems around the world, interest in sustainability and eco-friendly transportation, for which
the power source does not emit pollutants, is growing [1,2]. Accordingly, the automotive
industry has focused on the transition from internal combustion engine vehicles to electric
vehicles [3,4], and the tire industry is researching tire designs that meet the performance
requirements of electric vehicles. Because of the nature of the electric power source, electric
vehicles apply high torque to the tires from the beginning of acceleration, and the high
battery load requires a better wear resistance for the tires [5,6]. In addition, because of the
capacity limitations of the batteries, a dramatic reduction in rolling resistance is required
to ensure a sufficiently long driving range [5,7]. Therefore, tire manufacturers are actively
trying to apply new materials to improve the performance of tires for electric vehicles [8].
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Tire tread is the most crucial element in determining tire performance [9] as it con-
tributes the largest volume fraction [10], protects the carcass and belt layers, and is in direct
contact with the road surface. In passenger car radial tires, a blend of solution styrene-
butadiene rubber (SSBR) and butadiene rubber (BR) is used as the base rubber [11,12]. To
achieve better traction and rolling resistance, conventional carbon black fillers are being
replaced with silica/silane systems [13,14]. To enhance the compound’s processability,
manufacturers add processing aids like TDAE oil [15]. However, adding processing oil
is unfavorable for the abrasion resistance and rolling resistance of the compound [16,17].
Additionally, when the tire operates for a long time, a migration problem occurs in which
processing oil migrates to the tire surface. This, in turn, reduces the suppleness of the tire
tread and its physical properties [18]. Therefore, the demand for liquid butadiene rubber
(LqBR) as an alternative to processing oils has begun to grow.

LqBR has a higher molecular weight (1000 to 50,000 g/mol) than processing oils.
Due to the presence of double bonds, LqBR acts as a co-vulcanizable plasticizer that
can be crosslinked with base rubber [19]. Thus, LqBR shows less migration compared
to processing oils, which provides stable long-term performance over extended driving
times [20]. Furthermore, by controlling the microstructure of LqBR, the compound’s glass
transition temperature (Tg) can be regulated. The addition of LqBR with a low Tg reduces
the Tg of the compound, enhancing its abrasion resistance [21].

Kuraray Co., Ltd. (Tokyo, Japan) confirmed that the co-vulcanization of non-functiona-
lized LqBR (N-LqBR) with base rubber is possible through toluene extraction experiments [22].
It was also confirmed that the viscoelastic properties in the low-temperature region and
abrasion resistance were concurrently enhanced. Continental AG in Germany applied N-
LqBR to enhance the abrasion resistance while maintaining the wet traction of tire tread [23].
In contrast, Kitamura et al. reported a deterioration in fuel efficiency due to hysteresis loss,
resulting from the free chain ends of LqBR when N-LqBR was applied into the compound [24].
This implies the need to introduce functional groups to limit the chain-end mobility of LqBR.

Responding to the need for F-LqBR, Cray Valley Co., Ltd. (Exton, PA, USA) and Evonik
Industries AG (Essen, Germany) have conducted studies on silane-functionalized LqBR
and successfully commercialized them [25,26], and the tire industry has reported studies
on its application in rubber compounds [27–29]. Kim et al. synthesized F-LqBRs with
different functional group positions and applied them to silica-filled rubber compounds
to determine the effects of the functional group positions and free chain ends of LqBR on
the properties of tire tread compounds [30]. As a result, the functional group of F-LqBRs
were bonded on the silica surface, so there was no free chain end effect. Thus, it was
confirmed that the addition of F-LqBR, which functionalizes at both ends of the chain, can
concurrently enhance the fuel efficiency and abrasion resistance of a compound.

Prior studies have investigated the applicability of LqBR and the effects of functional-
ization and the macro- and microstructure of the polymer and verified the superiority of
both chain-end functionalized LqBR. However, since the synthesis of telechelic polymers
requires advanced technics related to initiator design and molecular weight control [31,32],
there have been no previous studies on the effect of the number of end-functional groups
of F-LqBR on the compound properties.

Therefore, we designed and synthesized a functional initiator to operate during the
polymerization step [33,34], which is one of the methods for synthesizing polymers with a
telechelic structure. Considering that the initiation mechanism, initiation efficiency, concen-
tration, and solubility of the initiator can affect polymerization [35–37], we designed an
initiator structure suitable for the polymerization of 1,3-butadiene. Furthermore, we synthe-
sized F-LqBRs with end functionalities of two or four triethoxysilyl groups. These F-LqBRs
were then used as processing aids for preparing silica-filled rubber compounds to evaluate
the effect of the number of end-functional groups of LqBR on the compound’s properties.
This research provides a basis for the selection of optimized end-functional groups and
F-LqBR structures, toward improving both the wear resistance and fuel efficiency of tires
required for electric vehicles, while ensuring long-term performance.
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2. Materials and Methods

2.1. Synthesis of the Functional Initiator
2.1.1. Synthesis of (E)-4,4′-(diazene-1,2-diyl)bis-(4-cyano-N-(3-(triethoxysilyl)propyl)pentanamide)
(difunctional initiator)

4,4′-azobis(4-cyanovaleric acid) (ACVA, 98%, Sigma-Aldrich Corp.; Seoul, Republic
of Korea), (3-aminopropyl) triethoxysilane (98%, Sigma-Aldrich Corp.; Seoul, Republic of
Korea), and phosphorus pentachloride (98%, SigmaAldrich Corp, Seoul, Republic of Korea)
were used as reagents, and dichloromethane (DCM, 99%, Duksan General Chemical Co.;
Seoul, Republic of Korea) was used as solvent. For purification, n-hexane (95%, Duksan
General Chemical Co.; Seoul, Republic of Korea) and diethyl ether (99%, Daejung Chemicals
& Metals Co.; Siheung, Republic of Korea) were used.

2.1.2. Synthesis of (E)-4,4′-(diazene-1,2-diyl)bis(4-cyano-N,N-bis(3-(triethoxysilyl)propyl)
pentanamide) (tetrafunctional initiator)

ACVA, bis[3(triethoxysilyl)propyl]amine (95%, Gelest Inc.; Morrisville, PA, USA),
phosphorus pentachloride (98%, Sigma-Aldrich Corp, Seoul, Republic of Korea), and
triethylamine (TEA, 98%, Duksan General Chemical Co.; Seoul, Republic of Korea) were
used as reagents, and dichloromethane (DCM, 99%, Duksan General Chemical Co.; Seoul,
Republic of Korea) was used as a solvent. N-hexane (95%, Duksan General Chemical
Co.; Seoul, Republic of Korea) and diethyl ether (99%, Daejung Chemicals & Metals Co.;
Republic of Korea) were used for purification.

2.1.3. Polymerization

For polymerization, the reaction mixture was dissolved in tetrahydrofuran (THF,
99.9%, Samchun Chemical Co.; Seoul, Republic of Korea). The functional initiators were
prepared as described above. Radical polymerization was performed using 1,3-butadiene
(Kumho Petrochemical Co., Ltd.; Daejeon, Republic of Korea), which was used as received
without further purification.

2.1.4. Compounding

SSBR (SOL-5220M, Kumho Petrochemical Co. Daejeon, Republic of Korea, styrene con-
tent: 26.5 wt%, vinyl content: 26 wt%, non-oil extended) and high-cis butadiene rubber
(CB24, Lanxess Chemical Industry Co., Ltd.; Cologne, Germany; cis content: 96 wt%) were
used as the base rubber. Silica (ZEOSIL 195MP, Solvay Silica Korea Co., Ltd.; Gunsan,
Republic of Korea) was used as a filler. The silane coupling agent was X50-S (Evonik
Industries AG, Essen, Germany; bis-[3-(triethoxysilyl)propyl]tetrasulfide (TESPT) 50%,
carbon black N330 50%). Zinc oxide (Sigma-Aldrich Corp.; Seoul, Republic of Korea) and
stearic acid (Sigma-Aldrich Corp.; Seoul, Republic of Korea) were used as crosslinking
activators. N-(1,3-dimethybutyl)-N′-phenyl-phenylenediamine (6PPD, Kumho Petrochemi-
cal Co., Ltd.; Daejeon, Republic of Korea) and 2,2,4-trimethyl-1,2-dihydroquinoline (TMQ,
Sinopec Corp.; Beijing, China) were used as antioxidants. Sulfur (Daejung Chemicals &
Metals Co.; Siheung, Republic of Korea) was used as a crosslinking agent, while cyclohexyl
benzothiazole-2-sulfenamide (CBS; 98%, Tokyo Chemical Industry Co., Ltd.; Tokyo, Japan)
and 1,3-diphenylguanidine (DPG, 98%, Tokyo Chemical Industry Co., Ltd.; Tokyo, Japan)
were used as vulcanization accelerators. For processing aids, four different substances
were prepared: TDAE oil (Kukdong Oil & Chemicals Co., Yangsan, Republic of Korea) and
N-LqBR (LBR-307, Kuraray Co., Ltd.; Tokyo, Japan), which are commercially available,
and 2-Azo-LqBR and 4-Azo-LqBR, which were synthesized using functional initiators (as
explained in detail in Section 2.4).

2.2. Characterization
2.2.1. Gel Permeation Chromatography (GPC)

GPC (Shimadzu, Kyoto, Japan) was used to determine the number average molecular
weight of the synthesized polymer. A solvent delivery system, a refractive index detector,

73



Polymers 2023, 15, 2583

and columns were used for the GPC experiment. The columns used were as follows: a
HT 6E (10 μm, 7.8 mm × 300 mm), a HMW 7 column (15–20 μm, 7.8 mm × 300 mm),
and a HMW 6E column (15–20 μm, 7.8 mm × 300 mm). Polybutadiene standards (Kit
Poly(1,3-butadiene) number average molecular weight (Mn) standard, WAT035709, Waters
Corp.; Eschborn, Germany) were used for molecular weight calibration.

2.2.2. Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR)

The molecular structure of LqBR was confirmed by 1H NMR spectroscopy (Var-
ian, Unity Plus 300 spectrometer, Garden State Scientific, Morristown, NJ, USA), using
deuterochloroform (CDCl3, Cambridge Isotope Laboratories, Inc.; Andover, MA, USA) as
the solvent.

2.2.3. Differential Scanning Calorimetry (DSC)

Tg was confirmed using a DSC (DSC-Q10, TA Instruments, New Castle, DE, USA).
DSC measurements were performed at temperatures ranging between −100 and 100 ◦C at
a heating rate of 10 ◦C/min. After the first heating-cooling cycle, Tg was obtained during
the second heating.

2.2.4. Payne Effect

Strain sweep tests (0.28–40.04%) at 60 ◦C were performed using a rubber processing
analyzer (RPA 2000, Alpha Technologies, Hudson, Ohio, USA) to analyze the degree of
filler network formation in the unvulcanized compound. As the strain increases, the filler
network is destroyed and the storage modulus (G′) decreases. Thus, ΔG′ (G′ at 0.28%
minus G′ at 40.04%) shows the degree of filler-filler interaction, as described by the Payne
effect [38].

2.2.5. Mooney Viscosity

A Mooney rotatory viscometer (Vluchem IND Co.; Seoul, Republic of Korea) was used
for measuring the Mooney viscosity, which is correlated to the processability of a compound.
Measurements were performed using a large rotor (diameter 38.10 ± 0.03 mm, thickness
5.54 ± 0.03 mm) at 100 ◦C and 2 rpm for 4 min after preheating for 1 min according to the
ASTM D1646 conditions.

2.2.6. Curing Characteristics

A moving die rheometer (RLR-3-rotorless rheometer, Toyoseiki, Tokyo, Japan) was
used for the analysis of the curing characteristics of the compounds at 160 ◦C for 30 min
under an angular displacement of ±1◦. In this experiment, the minimum torque (Tmin),
maximum torque (Tmax), and optimal cure time (t90) were obtained. Then, t90 was used for
preparing the vulcanizates in a heating press at 160 ◦C.

2.2.7. Solvent Extraction and Crosslink Density

The vulcanizates, with pieces of 10 mm (length) × 10 mm (width) × 2 mm (thickness),
were prepared and weighed. The specimen was immersed in THF and n-hexane at 25 ◦C
for 2 days each to eliminate the organic additives. The samples were then dried at 25 ◦C
for 1 day and weighed, and the mass fraction of the extracted organic additives was
calculated. The samples were then swollen in toluene at 25 ◦C for 1 day and weighed again.
The crosslink density was calculated from the measured weight of the sample using the
Flory–Rehner equation below [39–41]:

ν =
1

2Mc
= − ln (1 − V1) + V1 + χV2

1

2ρrV0

(
V

1
3

1 − V1
2

) (1)
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where ν is the crosslink density of vulcanizates (mol/g), MC is the average molecular
weight between crosslink points (g/mol), V1 is the volume fraction of rubber in the swollen
gel at equilibrium, V0 is the molar volume of solvent (cm3/mol), ρr is the density of the
rubber (g/cm3), and χ is the polymer–solvent interaction parameter.

2.2.8. Mechanical Properties

The properties of dumbbell-shaped specimens of 100 mm (length) × 25 mm (width)
made according to ASTM D 412 were estimated using a universal testing machine (UTM,
KSU-05M-C, KSU Co., Ansan, Republic of Korea). The tensile test for evaluating the
mechanical properties of the vulcanizates was conducted at 500 mm/min and repeated
three times, and the median value was used according to the ASTM standard.

2.2.9. Abrasion Resistance

The abrasion resistance test was conducted using a cylindrical sample with diameters
of 16 mm and thicknesses of 8 mm. First, the initial mass was measured, and the specimen
was ground for 40 s at a speed of 40 rpm under a load of 5 N using a Deutsche Industrie
Normen (DIN) abrasion tester. The mass loss was then calculated by measuring the mass
of the specimen.

2.2.10. Dynamic Viscoelastic Properties

The dynamic viscoelastic properties were obtained using a dynamic mechanical an-
alyzer (DMA; Q800, TA Instrument, New Castle, DE, USA) and a dynamic mechanical
thermal spectrometer (DMTS; EPLEXOR 500N, GABO Instruments GmbH, Ahlden, Ger-
many). First, the Tg and dynamic viscoelastic properties of the vulcanizates were measured
over a temperature range of −80 ◦C to 80 ◦C using DMA. Then, the DMTS was used to
measure tan δ through strain sweeps from 0.5% to 10% in tension mode at a temperature of
60 ◦C and a frequency of 10 Hz.

2.3. Synthesis of the Functionalized Initiator
2.3.1. Di-functional Initiator (2-Azo-initiator)

The synthesis of the di-functional initiator substituted on both sides by silane is
shown in Scheme 1. One equivalent of ACVA (5 g, 17.8 mmol) was dissolved in 150 mL
of dichloromethane under an Ar atmosphere at 25 ◦C, and then cooled to 0 ◦C. Then,
2.5 equivalents of phosphorus pentachloride (9.3 g, 44.6 mmol) were added for 30 min and
then stirred at 25 ◦C for 1 h. A measure of 120 mL of dichloromethane was removed using
vacuum distillation, 70 mL of hexane was added, and recrystallization at 0 ◦C produced
€-′,4′-(diazene-1,2-diyl)bis(4-cyanopentanoyl chloride) as a white solid. Then, 1 equivalent
(4.5 g, 14.2 mmol) of the previously obtained €(′)-4,4′(diazene-1,2-diyl)bis(4-cyanopentanoyl
chloride) was dissolved in 35 mL of dichloromethane under Ar at 25 ◦C. Furthermore,
5 equivalents of (3-aminopropyl)triethoxysilane (15.7 g, 70.9 mmol) dissolved in 35 mL of
dichloromethane were added dropwise over 30 min at 0 ◦C and then stirred at 25 ◦C for
16 h. The resulting solid was washed with diethyl ether to remove dichloromethane using
vacuum distillation to produce a white, solid product (2-Azo-initiator).
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Scheme 1. Synthesis of difunctional initiator.

2.3.2. Tetra-Functional Initiator (4-Azo-initiator)

The synthesis of the tetra-functional initiator, substituted on both sides by two pairs of
silanes, is shown in Scheme 2. One equivalent of ACVA (5 g, 17.8 mmol) was dissolved in
150 mL of dichloromethane at 25 ◦C under Ar and then cooled to 0 ◦C. Then, 2.5 equivalents
of phosphorus pentachloride (9.3 g, 44.6 mmol) were added over 30 min, and the mixture
was then stirred at 25 ◦C for 1 h. Using vacuum distillation, 120 mL of dichloromethane
was removed using vacuum distillation, 70 mL of hexane was added, and recrystallization
at 0 ◦C produced (E)-4,4′-(diazene-1,2-diyl)bis(4cyanopentanoyl chloride) as a white solid.
Then, one equivalent (4.5 g, 14.2 mmol) of the previously obtained (E)-4,4′-(diazene-1,2-
diyl)bis(4-cyanopentanoyl chloride) was dissolved in 30 mL of dichloromethane under Ar
at 25 ◦C. Next, 2.1 equivalents (12.7 g, 29.8 mmol) of bis[3-(triethoxysilyl)propyl]amine in
35 mL of dichloromethane were slowly added dropwise at 0 ◦C, followed by the dropwise
addition of four equivalents (5.77 g, 57 mmol) of triethylamine. Then, the mixture was
stirred at 25 ◦C for 14 h. Using vacuum distillation, dichloromethane was evaporated, and
the resulting salt was removed with diethyl ether. Finally, n-hexane was added to remove
the resulting salt to produce the product (4-Azo-initiator) as an orange liquid.

 
Scheme 2. Synthesis of tetrafunctional initiator.
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2.4. Synthesis of Functionalized LqBR
Radical Polymerization

F-LqBRs were polymerized by radical polymerization in a high-pressure stainless-steel
reactor (1L), and the formulation is shown in Table 1. First, the functional initiator (2.183 g
of 2-Azo-LqBR or 1.217 g of 4-Azo-LqBR) and THF were filled in the reactor. Then, 60 g of
1,3-butadiene was charged into the reactor using a chamber under an atmosphere of N2.
The 2-Azo-LqBR and 4-Azo-LqBR were polymerized at 75 ◦C for 8 h and at 80 ◦C for 3 h,
respectively. The target molecular weight of 4-Azo-LqBR was set considering the molecular
weight of the functional groups and the consequent increase in hydrodynamic volume.
To achieve this, 4-Azo-LqBR was polymerized at a slightly higher temperature than 2-
Azo-LqBR. Subsequently, the mixture was cooled, and the unreacted 1,3-butadiene was
discharged using the eject line of the reactor. The solvent was removed through evaporation
and precipitated in ethanol to remove residual initiator. As a final step, centrifugation was
used to collect the polymers.

Table 1. Formulation of F-LqBRs (unit: g).

Organic Compounds 2-Azo-LqBR 4-Azo-LqBR

Di-functional initiator 2-Azo-initiator 2.183 -
Tetra-functional initiator 4-Azo-initiator - 1.217

Monomer 1,3-butadiene 60 60
Solvent THF 420 300

The growing chains can be terminated by coupling or disproportionation in the absence
of a chain transfer agent. Since 1,3-butadiene is mainly terminated via coupling [33,34],
triethoxysilyl groups were introduced at both ends of a radical initiator. Consequently,
silane-terminated polybutadiene was synthesized by using the triethoxysilyl-functionalized
initiator (Scheme 3) and the molecular structures of the LqBRs were confirmed using GPC
and a 1H NMR spectra.

 

Scheme 3. Polymerization of F-LqBRs.
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2.5. Manufacture of Rubber/Silica Compounds and Vulcanizates

To determine the effect of LqBRs substituted with TDAE oil on the compound’s
mechanical and dynamic properties, samples were prepared using the formulations shown
in Table 2. In this experiment, the compounds were named according to the processing
aid used (TDAE oil, N-LqBR, 2-Azo-LqBR, 4-Azo-LqBR). Compounds were manufactured
using an internal kneader (300cc, MIRAESI Company, Gwangju, Republic of Korea) with a
fill factor of 0.7, and the three kinds of LqBRs were introduced by replacing 10 phr of the 40
phr of TDAE oil. The kneading process began at 110 ◦C and continued for 7 min and 40
s. Mixing was then started at 50 ◦C and continued for 2 min. After each stage of mixing,
the compound was sheeted using a two-roll mill. A moving die rheometer was used to
measure the optimal cure times of the compounds at 160 ◦C, and the optimal cure time was
used to produce vulcanizates in a press at 160 ◦C. The detailed process is shown in Table 3.

Table 2. Formulation of compounds (unit: phr).

Sample TDAE Oil N-LqBR 2-Azo-LqBR 4-Azo-LqBR

SSBR 80 80 80 80
BR 20 20 20 20

Silica 120 120 120 120
X50S 20 20 20 20
DPG 2 2 2 2

TDAE oil 40 30 30 30
N-LqBR - 10 - -

2-Azo-LqBR - - 10 -
4-Azo-LqBR - - - 10

Wax 1 1 1 1
TMQ 1 1 1 1
ZnO 3 3 3 3

Stearic acid 1 1 1 1
6PPD 2 2 2 2

Sulfur 1.3 1.3 1.3 1.3
CBS 1.6 1.6 1.6 1.6

ZBEC 0.1 0.1 0.1 0.1
Notes: phr, parts per hundred rubber.

Table 3. Mixing procedures.

Time, mins RPM Action

Silica masterbatch
(SMB)
mixing

00:00–00:40 20 Add rubber (initial temp.: 110 ◦C)
00:40–01:40 40 Add silica 1/2, X50S 1/2, DPG 1/2, processing aid 1/2
01:40–02:40 40 Add silica 1/2, X50S 1/2, DPG 1/2, processing aid 1/2
02:40–05:00 60 Add additives
05:00–05:30 60 Ram up

05:30–07:40 50 Extra mixing and dump
(dump temp.: 150–155 ◦C)

Final masterbatch
(FMB)
mixing

00:00–00:20 20 Add SMB (initial temp.: 50 ◦C)

00:20–02:00 40 Add sulfur, CBS, ZBEC and dump
(dump temp.: 80–90 ◦C)

3. Results and Discussion

3.1. Synthesis of Functional Initiators

The 1H NMR peak assignments of the di-functional and tetra-functional initiators
are shown in Figure 1a,b, respectively. The chemical shift (δ) was determined using
tetramethylsilane as an internal standard, and the following peaks were assigned.
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Figure 1. 1H NMR spectra of the (a) 2-Azo-initiator, (b) 4-Azo-initiator (� CDCl3 solvent).

Di-functional initiator: 1H NMR (CDCl3): δ ppm 0.64 (t, 4H, Si-CH2-), 1.23 (t, 18H, SiO-
CH2-CH3), 1.64 (q, 4H, Si-CH2-CH2), 1.70 (s, 6H, C-CH3), 2.20–2.52 (m, 8H, CO-CH2-CH2,

CO-CH2), 3.25 (m, 4H, NH-CH2), 3.84 (q, 12H, SiO-CH2-), 6.09 (t, 2H, CO-NH).
Tetra-functional initiator: 1H NMR (CDCl3): δ ppm 0.64 (t, 4H, Si-CH2-), 1.23 (t, 18H,

SiO-CH2-CH3), 1.62 (q, 4H, Si-CH2-CH2), 1.70 (s, 6H,C-CH3), 2.16–2.52 (m, 8H, CO-CH2-
CH2, CO-CH2), 3.52 (m, 4H, N-CH2), 3.84 (q, 12H, SiO-CH2-).

3.2. Synthesis of F-LqBRs

The GPC curves and 1H NMR spectra of the F-LqBRs are shown in Figures 2 and 3
and are summarized with the DSC results in Table 4. The GPC measurements showed
that the 2-Azo-LqBR and 4-Azo-LqBR have Mn values of 4,000 and 5,100 (g/mol) and
polydispersity indexes of 1.20 and 1.32, respectively. We regulated the reaction time and
temperature conditions according to the target molecular weight, and as a result, the Mn
and polydispersity index of 4-Azo-LqBR increased compared to 2-Azo-LqBR at the higher
temperature. Resonance peaks corresponding to the 1,4-addition (cis, trans), 1,2-addition
(vinyl) structure of 1,3-butadiene appear at 5.3–5.5 ppm, 5.5–5.6 ppm, and 4.8–5.0 ppm,
respectively. The vinyl contents of the LqBRs were determined according to the proportion
of the vinyl peaks to the total 1,3-butadiene peaks. In addition, the chemical shift of the
ethoxy groups in alkoxysilane showed a triplet peak at 1.2–1.3 ppm (SiO-CH2-CH3) and a
quartet peak at 3.7–3.8 ppm (SiO-CH2-) [42]. Hence, the functionality of F-LqBRs, which
represents the proportion of the chain containing the triethoxysilyl groups to the total
number of chains, can be determined by calculating the proportion of the 1,2-vinyl-H
integrals in polybutadiene and SiO-CH2- peak integrals [43]:

SVinyl-H

SAlkoxysilane-H
=

2 ×
(

RVinyl

)
×
(

Mn
MB

)
nAlkoxysilane × F

(2)

where SVinyl-H and SAlkoxysilane-H are the peak integrals of 1,2-vinyl-H and alkoxysilane-H,
respectively; RVinyl is the vinyl content of LqBR; Mn is the number average molecular
weight of LqBR; MB is the molecular weight of 1,3-butadiene; nalkoxysilane is the hydrogen
atom number in alkoxysilane, i.e., -Si-(OCH2CH3)3; and F is the functionality (triethoxysilyl
groups per chain), i.e., “2” means di-functionalized at the ends of macromolecular chains
and “4” means tetra-functionalized at the ends of macromolecular chains.
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Figure 2. Gel permeation chromatograms of LqBRs: (a) 2-Azo-LqBR, (b) 4-Azo-LqBR.

Figure 3. 1H NMR spectra: (a) 2-Azo-LqBR, (b) 4-Azo-LqBR (� CDCl3, � THF).

Table 4. Characteristics of LqBRs.

Property Unit N-LqBR 2-Azo-LqBR 4-Azo-LqBR

Sample Mn g/mol 4400 4000 5100
Polydispersity index (Ð) - 1.04 1.20 1.32
Vinyl content (% in BD) - 15 19 19

Tg
◦C −95 −86 −78

End functionality
(Si per chain) - 0 2.3 4.3

3.3. Payne Effect

The Payne effect is used to measure the degree of formation of a filler network. When
the filler network is destroyed due to increased strain, the smaller difference (ΔG′) in
G′ indicates weaker filler-filler interaction. Using this test, filler dispersion in the rubber
matrix can be determined. Furthermore, the hydrodynamic effect, filler-polymer interaction,
polymer network, and rubber structure affect the G′ of the compound under high strain
where the filler network breaks [44].

Figure 4 and Table 5 exhibit the Payne effect measurements of the compounds. LqBR
exhibited better mixing efficiency, due to its higher viscosity, than that of TDAE oil [19,30].
The addition of LqBR to compounds led to a reduced Payne effect compared to those
containing TDAE oil due to improved silica dispersion. In addition, 2-Azo-LqBR and
4-Azo-LqBR have functional groups which can react with silanol groups and hydrophobize
the silica surface. Therefore, the compounds with F-LqBR showed significantly lower Payne
effect values than the compounds with N-LqBR.
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Figure 4. Payne effect in silica masterbatches.

Table 5. G′ values (MPa) of compounds.

Property TDAE Oil N-LqBR 2-Azo-LqBR 4-Azo-LqBR

G′ (at 0.28% strain) 8.98 8.37 3.69 4.96
G′ (at 40.04% strain) 0.36 0.36 0.40 0.41

ΔG′ (at 0.28–40.04% strain) 8.62 8.01 3.29 4.55

The self-condensation of F-LqBR indicates the formation of a Si-O-Si bond through
condensation between alkoxy groups, and there are two types: intramolecular and inter-
molecular self-condensation. Increasing the number of triethoxysilyl groups in F-LqBR
can increase both the reactivity to the filler and to intramolecular and intermolecular self-
condensation [45]. Intramolecular condensation can occur within a molecule as the distance
between alkoxy groups becomes smaller [46]. The 4-Azo-LqBR compound demonstrated a
higher Payne effect than the 2-Azo-LqBR compound. This was due to the higher number of
neighboring alkoxy groups within the 4-Azo-LqBR molecule. As a result, the reactivity of
4-Azo-LqBR with silanol groups of the filler is lower than that of 2-Azo-LqBR due to self-
condensation. The self-condensation effect in 4-Azo-LqBR was also confirmed by the higher
G′ value under high strain (40.04% strain) compared to that of the 2-Azo-LqBR compound.

3.4. Cure Characteristics and Mooney Viscosity of the Compounds

Table 6 presents the Mooney viscosity results, a measure of compound processability.
The introduction of LqBR enhanced silica dispersion in the rubber matrix and reduced
Mooney viscosity compared to the TDAE oil compound. Furthermore, F-LqBR addition
resulted in even lower Mooney viscosity values due to the surface hydrophobation of
silica that further improved its dispersion in the compound. 4-Azo-LqBR is less reactive
with silanol groups than 2-Azo-LqBR due to its self-condensation, which results in a
smaller improvement in silica dispersion, and a higher Mooney viscosity compared to that
of 2-Azo-LqBR.

Figure 5 and Table 6 show the cure characteristics obtained using a moving die
rheometer. The cure characteristics results exhibit a remarkably low error of less than
1%. The Δtorque (Tmax − Tmin) value is closely correlated with the crosslink density of
a compound [47,48]. The N-LqBR compound exhibited a lower Δtorque value than the
TDAE oil compound because N-LqBR consumed the sulfur required for the crosslinking
of the base rubber. In contrast, F-LqBRs not only react with silanol groups on the silica
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surface, but also strengthen filler–rubber interactions by crosslinking with the base rubber.
Accordingly, compounds containing the F-LqBRs exhibited higher Δtorque values than
those containing N-LqBR. On the other hand, the 4-Azo-LqBR compound exhibited a lower
Δtorque than the 2-Azo LqBR compound, which can be attributed to the lower reactivity of
the end-functional groups of 4-Azo-LqBR with silanol groups compared to 2-Azo-LqBR.

Table 6. Cure characteristics and Mooney viscosities of the compounds.

Property Unit
TDAE

Oil
N-LqBR 2-Azo-LqBR 4-Azo-LqBR

Mooney viscosity
(ML1+4 at 100 ◦C,

FMB)
MU 153 147 116 119

Tmin N-m 0.88 0.82 0.68 0.77
Tmax N-m 3.02 2.65 2.88 2.85

Δtorque N-m 2.14 1.83 2.20 2.09
t10 min:sec 1:11 1:05 1:09 1:15
t90 min:sec 10:02 11:55 10:40 11:51

Figure 5. Cure curves of the compounds.

3.5. Solvent Extraction and Crosslink Density

Two organic solvents were used to extract organic compounds from vulcanizates, and
the amount of extracted organic compounds in the vulcanizates was obtained. First, THF
was used to extract the oil and low molecular weight chemicals, followed by n-hexane to
extract un-crosslinked LqBR. Figure 6a and Table 7 show the amount of organic compound
extracted by the two solvents. The results of solvent extraction exhibit a remarkably
low relative standard deviation of 0.06–1.79%. The extraction rate was highest in the
TDAE oil compound, which was 15.66 wt%, and it only acts as a plasticizer and does not
form chemical bonds in the compound. However, compounds with LqBRs showed lower
extraction rates than the TDAE oil compound because LqBRs form a crosslink with the base
rubber and bond to the polymer network. Furthermore, the F-LqBR compounds exhibited
lower extraction rates compared to those of the N-LqBR compound because they are more
strongly bonded to the silica surface by forming chemical bond. However, the 4-Azo-LqBR
compound showed a slightly higher extraction rate than the 2-Azo-LqBR compound due to
its lower reactivity with silanol groups. Assuming that the 10 phr (3.41 wt%) of TDAE oil
was completely extracted and that other additives were equally extracted (30 phr of TDAE
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oil 10.23 wt% + 2.02 wt%), 79.5% of N-LqBR, 2.2% of 2-Azo-LqBR, and 4.8% of 4-Azo-LqBR
were extracted compared to TDAE oil. This indicates that the addition of F-LqBR could
prevent migration and maintain the suppleness of the tire to prevent the degradation of
its properties.

Figure 6. (a) Weight loss after solvent extraction and (b) crosslink density of the vulcanizates.

Table 7. Weight loss after solvent extraction and crosslink density of the vulcanizates.

Property Unit
TDAE

Oil
N-LqBR 2-Azo-LqBR 4-Azo-LqBR

Weight loss after
extraction % 15.66 14.96 12.33 12.42

Weight loss after
extraction in 10 phr of

oil and LqBR
% 100 79.5 2.2 4.8

Crosslink density 10−4 mol/g 1.42 1.27 1.75 1.65

Table 7 and Figure 6b show the crosslink density of the vulcanizates. The results
of crosslink density exhibit a remarkably low relative standard deviation of 0.36–1.88%.
The N-LqBR compound exhibited a lower crosslink density than the TDAE oil compound
because N-LqBR consumes the sulfur needed for crosslinking with the base rubber in-
stead. However, F-LqBR compounds exhibited a higher crosslink density compared to
the TDAE oil compound because of the improved filler–rubber interaction resulting from
covalent bonding with silanol groups. The lower crosslink density of the 4-Azo-LqBR com-
pound compared to the 2-Azo-LqBR compound can be attributed to weaker filler–rubber
interaction due to self-condensation of 4-Azo-LqBR.

3.6. Mechanical Properties and DIN Abrasion Loss

The tensile modulus determines rubber stiffness, which is higher for a compound
when the crosslink density is high [49]. In Figure 7 and Table 8, the N-LqBR compound
exhibited lower M100 (modulus at 100% elongation) and M300 (modulus at 300% elongation)
values than the TDAE oil compound due to lower crosslink density resulting from sulfur
consumption of N-LqBR. However, the F-LqBR compounds exhibited higher crosslink
density than the TDAE oil compound because of improved filler–rubber interactions
resulting from chemical bonding with silanol groups, resulting in higher M100 and M300
values. In contrast, the 4-Azo-LqBR compound exhibited a lower modulus due to lower
filler–rubber interactions compared to 2-Azo-LqBR.
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Figure 7. Stress–strain curves of vulcanizates.

Table 8. Mechanical properties and abrasion resistance of vulcanizates.

Property Unit
TDAE

Oil
N-LqBR 2-Azo-LqBR 4-Azo-LqBR

M100 kgf/cm2 46 43 55 50
M300 kgf/cm2 142 135 168 163

Elongation at break % 335 334 315 305
Tensile strength kgf/cm2 161 151 178 167

DIN abrasion loss mg 109 96 91 93

DIN abrasion tests demonstrated that stronger filler–rubber interactions in the com-
pound and lower Tg values of the polymer result in the compound having higher abrasion
resistance [50,51]. The compounds were manufactured using the same base rubber with the
addition of processing aids with different Tg values. Thus, the compound with TDAE oil,
which demonstrated no chemical reaction and had the highest Tg (−50 ◦C to −44 ◦C [52]),
had the worst abrasion resistance. In contrast, the LqBRs, with lower Tg values than TDAE
oil, resulted in the compound having superior abrasion resistance. F-LqBRs, which can
interact with silanol groups, had higher Tg values than the N-LqBR, but the corresponding
compounds showed excellent abrasion resistance due to improved filler–rubber interactions.
In particular, the compound with 2-Azo-LqBR showed the best abrasion resistance.

3.7. Dynamic Viscoelastic Properties

A tire undergoes repeated deformation and recovery when it rotates under the load of
a vehicle, resulting in energy loss called hysteresis loss. On icy roads, the tire tread should
deform easily, and a large contact area is required for good snow traction [53]. The dynamic
viscoelastic properties show that a lower E′ in the low-temperature region results in the
tire having better snow traction [54,55]. Tan δ at 60 ◦C indicates the hysteresis loss and is a
measure of the destruction and reformation of the filler network under strain. A higher tan
δ at 60 ◦C is disadvantageous for the rolling resistance of the compound [56]. When the
filler is well dispersed and filler–rubber interaction is stronger, it results in a reduced tan δ

at 60 ◦C [19,56].
Figure 8 and Table 9 show tan δ values as a function of temperature, measured in our

samples using DMA at 0.2% strain. The results indicate that LqBR compounds exhibit lower
E′ at −30 ◦C than the TDAE oil compound. This is due to the effective filler volume fraction
being reduced by the improved silica dispersion in the LqBR-containing compounds, as
confirmed by the Payne effect results [57]. The N-LqBR compound exhibited a higher tan δ
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at 60 ◦C than the TDAE oil compound due to the hysteresis loss caused by the free chain
ends of N-LqBR. On the other hand, F-LqBR compounds exhibited lower tan δ at 60 ◦C
values than the TDAE oil compound due to forming chemical bonds between the F-LqBR
chain ends and the silica surface. In particular, the 2-Azo-LqBR compound exhibited the
lowest tan δ at 60 ◦C because it had the lowest degree of filler network formation and the
strongest bonding to the silica surface due to superior silica hydrophobization compared to
the 4-Azo-LqBR compound.

Figure 8. Temperature-dependent tan δ at 0.2% strain curves for the various vulcanizates.

Table 9. Viscoelastic properties of the vulcanizates.

Property Unit
TDAE

Oil
N-LqBR

2-Azo-
LqBR

4-Azo-
LqBR

Number end functional groups - N/A 0 2 4
Tg

◦C −43.1 −45.9 −44.6 −44.8
E′ at −30 ◦C MPa 164 163 137 152

Tan δ at 60 ◦C
(0.2% strain, temperature sweep) - 0.177 0.188 0.165 0.170

Tan δ at 60 ◦C
(5% strain, strain sweep) - 0.196 0.207 0.176 0.190

Figure 9 and Table 9 show tan δ values as a function of strain, measured using DMTS
at 60 ◦C. In the high-strain region, the filler network is destroyed to a greater degree than
in the low-strain region, resulting in a higher degree of hysteresis [58,59]. Therefore, better
silica dispersion results in less filler network formation, thus decreasing the tan δ at 60 ◦C
in the high-strain region. Moreover, in general, compounds with high crosslink density
exhibit low tan δ values at 60 ◦C [48]. Compounds with LqBR formed fewer filler networks
due to better silica dispersion compared to the TDAE oil compound. However, the N-LqBR
compound exhibited a lower crosslink density due to sulfur consumption, resulting in
a higher tan δ at 60 ◦C compared to the TDAE oil compound. In contrast, the F-LqBR
compounds exhibited lower tan δ values at 60 ◦C in the high-strain region due to a lower
hysteresis loss. This is attributed to their excellent silica dispersion, and the 2-Azo-LqBR
compound exhibited the lowest tan δ of all samples.
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Figure 9. Strain-dependent tan δ at 60 ◦C curves of the various vulcanizates.

4. Conclusions

The objective of this experiment was to investigate the effect of the number of end-
functional groups of LqBR used as a processing aid in silica-filled rubber compounds on
the compound properties. To achieve this, N-LqBR and F-LqBRs were used as substitutes
for TDAE oil to prepare silica-filled rubber compounds, and the properties were evaluated.

The experimental results showed that LqBR acts as a processing aid and forms
crosslinks with the base rubber, improving migration resistance. In particular, 2-Azo-
LqBR and 4-Azo-LqBR with functional groups formed chemical bonds with the silica
surface, showing better silica dispersion for N-LqBR. However, the 4-Azo-LqBR compound,
with an end-functionality of four, demonstrated poor silica dispersion compared to the
2-Azo-LqBR compound due to increased self-condensation.

As a result of the sulfur consumption of LqBR, the crosslink density of the N-LqBR
compound was lower compared to that of the TDAE oil compound. Despite the sulfur
consumption, 2-Azo-LqBR and 4-Azo-LqBR showed a strong interaction between the filler
and base rubber due to the functional groups, resulting in higher crosslink density than
that of the TDAE oil compound. Crosslink density had a strong correlation with the
mechanical properties of the compounds. The Tg of the processing aids and the strength of
the filler–rubber interaction determined the abrasion resistance. The dynamic viscoelastic
properties showed that improvements in the snow traction and rolling resistance of the
compound could be expected by applying the developed F-LqBRs. Rolling resistance is
mainly dependent on hysteresis loss due to the free chain end of the polymer, the filler
network destruction and reformation, and the filler–rubber interaction. Consequently, the
compound with 2-Azo-LqBR, which had the strongest reactivity with the silica surface,
exhibited the lowest tan δ at 60 ◦C because of the improved silica dispersion and filler–
rubber interaction. Accordingly, 2-Azo-LqBR showed the best performance among the
studied processing aids, and the optimized end functionality of triethoxysilyl group of
F-LqBR is two.

This study was novel in that we controlled the end functionality of telechelic polymer,
which requires a high level of technics, and confirmed the effect of reactivity according
to the number of end-functional groups of LqBR on the physical properties of the tire
tread compound. The results obtained in this study suggest the guideline of designing
F-LqBR structures that concurrently improve fuel efficiency and wear resistance for electric
vehicles that require improved performances and performance sustainment and prevent
deterioration of physical properties over time.
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Abstract: In this work, new polymers with a shape memory effect for self-healing coatings based on
oligomers with terminal epoxy groups, synthesized from oligotetramethylene oxide dioles of various
molecular weights, were developed. For this purpose, a simple and efficient method for the synthesis
of oligoetherdiamines with a high yield of the product, close to 94%, was developed. Oligodiol was
treated with acrylic acid in the presence of a catalyst, followed by the reaction of the reaction product
with aminoethylpiperazine. This synthetic route can easily be upscaled. The resulting products
can be used as hardeners for oligomers with terminal epoxy groups synthesized from cyclic and
cycloaliphatic diisocyanates. The effect of the molecular weight of newly synthesized diamines on the
thermal and mechanical properties of urethane-containing polymers has been studied. Elastomers
synthesized from isophorone diisocyanate showed excellent shape fixity and shape recovery ratios of
>95% and >94%, respectively.

Keywords: self-healing coating; shape memory polymer; urethane; epoxyurethane oligomer; amino
termination oligomer

1. Introduction

Corrosion of metals has long been a serious problem for industries around the world.
The global cost of corrosion is USD 2.5 trillion—3.4% of the global Gross Domestic Prod-
uct [1]. In China, the annual damage caused by corrosion is over USD 390 billion, which is
equivalent to 4.2% of the Gross Domestic Product [1]. Corrosion costs can be reduced by
up to 15% to 35% by corrosion prevention measures [2].

As a rule, one of the main corrosion prevention methods is applying a protective
organic polymer coating on a metal surface. However, most synthetic polymers are suscep-
tible to degradation and cross-linking when subjected to light and in an oxygen medium,
i.e., in environmental conditions. In addition, a polymer coating can be destroyed by
physical impact. In all these cases, the coating should be repaired properly; otherwise, the
metal would be subjected to corrosion.

The repair of coatings by conventional methods, such as removal of the defective
coating and recoating, is costly and labor-intensive. Therefore, there is a constant market
demand for polymer materials for self-healing coating. Self-healing polymers are a class
of materials that have the ability to repair micro-scale damage in the coating and restore
the passive state of the metal substrate. In this case, the coating healing process needs very
little human “assistance”, if any.

The promising technology of self-healing polymers provides new opportunities for
coatings to restore their protective characteristics with minimal or no intervention [3,4].
Thus, shape memory polymers (SMPs) represent a new class of smart materials that can
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recover from temporary deformation to their original shape due to entropy processes
facilitated by external stimuli such as heat [5,6]. Shape memory polymers return to their
original shape after being altered by external stimulation, such as electric and magnetic
fields, temperature, pH, and mechanical stress [5,6].

Shape memory polymers return to their original shape after being altered by external
stimulation, such as electric and magnetic fields, temperature, pH, and mechanical stress [7–17].

Shape memory polymers have many applications in the aerospace industry [18],
medicine [19–21], self-processing smart textiles [22,23], electronic devices [24], and struc-
tural assembly [25–27].

Recently, shape memory polymers (SMPs) have been used to produce self-healing
coatings with corrosion protection. For example, there are several reports on the use of
urethane-containing SMPs based on poly(ε-caprolactone) (PCL) as self-healing coatings on
metal substrates [28–30]. These studies show that the shape memory effect can significantly
narrow the crack, thereby reducing the area of metal in contact with aggressive media.

Polyurethanes are block copolymers consisting of alternating soft and hard segments,
SS and HS, respectively [31,32]. These polymers are usually prepared in a two-step process.
At the first stage, a prepolymer with isocyanate-terminal groups is synthesized by the
interaction of oligodiol and diisocyanate, taken in a double excess. In the second stage, the
prepolymer is cured with low molecular weight chain extenders to form polyurethanes
(hardener–diol) or polyurethane ureas (hardener diamine). The structure of the soft seg-
ments is determined by oligodiols used for the synthesis of polyurethane foam [33]. The
structure of the hard segments is determined by diisocyanates used in the synthesis of
oligodiisocyanates and by low molecular weight chain extenders, diamines, or diols [34].

Recently, some approaches for the preparation of self-healing PUs have been de-
veloped. This research trend can be illustrated by the following examples: encapsula-
tion [35–39], healing in the polymer bulk via dynamic interactions, including non-covalent
π–π bonding [40–42], ionic interactions [43], and thermoreversible covalent bonds [44–53].
Moreover, the shape memory effect caused by the thermal phase transition of the polymer
is successfully used in the design of polyurethane materials.

In [54], the preparation of shape memory polyurethane was reported. In this synthetic
route, a crystallizing polyester, polycaprolactone diol, was used as the main initial compo-
nent. The resulting polymer was considered to be suitable for self-healing polymer coating.

Thus, Gonzalez-Garcia et al. developed a self-healing polymer coating film based
on polycaprolactone diol (PCL) [55]. In case the coating is damaged, the relaxation
of the soft polymer phase takes place. This process triggers temperature-induced self-
healing, followed by the restoration of the barrier properties. This way, the damaged area
is self-recoated.

A similar approach was used by Jorcin et al. [56]. In this study, a self-healing
polyurethane coating with polycaprolactone soft segments was developed. However,
a self-healing phenomenon was observed only at a hard segment content of 12%.

In [57–59], self-healing coatings with a shape memory effect were suggested.
Thus, the coatings described in [55–59] are characterized by the presence of a crystalline

phase. It is a necessary condition for the preparation of this type of self-healing material.
In addition, the presence of the crystalline phase contributes to an increase in the barrier
properties of the coatings, i.e., their stability with respect to aggressive media [60].

It is noteworthy that for high-quality coatings, the adhesive properties of the poly-
mer should be rather high. However, the strength characteristics of polyurethanes and
polyurethane ureas depend on humidity, as the isocyanate group of oligodiisocyanates can
react with moisture.

To solve this problem and to reduce the toxicity of isocyanate-terminated compounds,
shielding the isocyanate groups of oligodiisocyanates with epoxy alcohol is the most
efficient approach. For example, 2,3-epoxy-1-propanol can be used for this purpose [61].
In this case, the isocyanate groups of the oligodiisocyanate and the hydroxyl group of
2,3-epoxy-1-propanol react to give epoxyurethane oligomer (EUO). The deformation and
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strength properties of the elastomers, based on these oligomers, are only slightly dependent
on the presence of moisture.

The elastomers based on epoxyurethane oligomers have good mechanical and dielec-
tric properties. In addition, the adhesive properties of these elastomers are much higher
than those of polyurethanes and polyurethane ureas. Thus, these polymers are widely used
as adhesives, polymer matrices for casting low-modulus compounds for various purposes,
and biomedical materials.

The structure of elastomers, based on epoxy urethane oligomers, consists of alternating
soft and hard urethane hydroxyl segments. The microphase separation and the formation
of separate phases, or domains, is due to the difference in the polarity of the structural
units, soft and hard segments. Domains play the role of a reinforcing nanofiller or can
be considered as the nodes of a physical network. This phenomenon is the reason for the
high-strength characteristics of the developed materials. In the domains, hydrogen bonds
play a decisive role in stabilizing the structure of the hard phase. In this case, the structure
of hard segments can affect the morphology of the polymer in general.

To date, the crystalline elastomers, based on epoxyurethane oligomers, were prepared.
Most of these elastomers were synthesized from polyesters [62,63]. However, these coat-
ings are known to be unstable in water and, hence, they cannot be used for anti-corrosion
treatment of metals. For these purposes, coatings based on polyethers, for example, oligote-
tramethylene oxide diols, can be useful.

In our previous studies, the attempts to obtain polyether-based elastomers were
described [64–66]. A curing agent with terminal amino groups was synthesized via nucle-
ophilic substitution of the hydroxy groups of oligotetramethylene oxide diols with amino
groups. The authors assume that a material with improved stress-deformation and strength
characteristics can be obtained. This can be realized by increasing the polarity of the hard
segments, which is proportional to the degree of microphase separation of soft and hard
segments in the polymer.

The present study aims to obtain shape memory urethane-containing polymers based
on epoxyurethane oligomers synthesized from polyethers.

2. Materials and Methods

2.1. Materials and Synthesis
2.1.1. Materials

Acrylic acid (Merck; Darmstadt, Germany), N-(2-aminoethyl)piperazine (AEP) (Merck;
Darmstadt, Germany), 2,4-toluene diisocyanate (TDI) (BASF; Ludwigshafen, Germany),
isophorone diisocyanate (IPDI) (Evonik Chemistry Ltd.; Essen, Germany), oligotetram-
ethylene oxide diol with Mn~1008 g·mol−1, Mn~1400 g·mol−1, and Mn~2000 g·mol−1

(OTMO-1000; OTMO-1400; OTMO-2000)(BASF; Ludwigshafen, Germany), glycidol (grade
pure, 99.0%)(Research Institute of Polymer Materials; Perm, Russia), and dibutyltin dilau-
rate (grade pure, 99.8%) (BASF; Ludwigshafen, Germany) were used without purification.

2.1.2. Synthesis of OTMO-diAEP

OTMO-diAEPs were prepared in two steps, shown in Figure 1.
In the first step, oligotetramethylene oxide diols (OTMO) were reacted with acrylic acid.

Hydroquinone was added to prevent the copolymerization of acrylic acid with OTMO [67].
OTMO (0.02 mol), acrylic acid (0.052 mol), p-toluenesulfonic acid (0.002 mol), hydro-

quinone (0.0006 mol), and cyclohexane (320 mL) were placed in a round bottom flask with
a Dean–Stark trap.

The reaction time was determined by the amount of water condensed in the Dean–
Stark trap. The catalyst and acrylic acid residue was removed by adding potassium
carbonate to the reaction mixture. The resulting mass was stirred at room temperature for
3 h. Then, the solution was filtered, and the solvent was distilled off on a rotary evaporator.
The final products, OTMO diacrylates, were obtained in high yields (94%).
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Figure 1. Synthesis of AEP functionalized OTMOs.

The second step of OTMO-diAEP preparation technique is the conjugated addition
reaction of a cycloaliphatic diamine, aminoethylpiperazine, to a Michael acceptor, acrylate-
terminated oligotetramethylen oxides. The addition reaction via the secondary amino
group of aminoethylpiperazine is explained by the higher nucleophilicity of the secondary
amino group compared to the primary [68].

OTMO-diAc (0.014 mol) was placed into a round bottom flask equipped with a
magnetic stirrer. Further, aminoethylpiperazine (0.028 mol) was added to it. The reaction
was carried out in a round-bottom flask equipped with a magnetic stirrer. The reaction
mass was stirred in nitrogen medium for 2 h at room temperature. The product was isolated
without purification. The product yield was 100%.

2.1.3. Preparation of Epoxyurethane Oligomers

The synthesis of epoxyurethane oligomers P−1 and P−2 was carried out in two
steps (Figure 2).

Figure 2. Preparation of P−1 and P−2.

OTMO was dried from water with constant stirring for 8 h at a temperature of 88–92 ◦C
and absolute pressure in the reactor of 0.2–0.4 kPa. In the first stage, an oligomer with
terminal epoxy groups was obtained by reacting the dried diol and diisocyanate, taken in a
double excess at a temperature of 80 ◦C. The weight fraction of free isocyanate groups was
determined according to ASTM D 2572-97. The second stage consisted of the treatment
of the resulting oligomer with epoxy alcohol–glycidol in the presence of 0.03% urethane
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formation catalyst-di-n-butyl tin dilaurate. The reaction was carried out at a temperature
of 70 ± 1 ◦C. Completion of the synthesis was determined by FTIR spectroscopy by the
absence of an absorption band at 2270 cm−1 characteristic of the isocyanate group [69].
The mass fraction of free epoxy groups in the resulting oligomers was determined by the
method described elsewhere [70].

The characteristics of the synthesized oligomers with various terminal groups are
presented in Table 1.

Table 1. Characteristics of the epoxyurethane oligomers P−1 and P−2.

EUO
Code

Molecular
Weight of Initial

OTMO

Diisocyanate
Content of Free NCO Groups, wt % Content of Free Epoxy Groups, wt %

Experimental Theoretical Theoretical Experimental

P−1 2000 2,4-toluene
diisocyanate 3.57 3.51 ± 0.03 3.51 3.47 ± 0.03

P−2 2000 isophorone
diisocyanate 3.43 3.42 ± 0.03 3.54 3.49 ± 0.03

2.1.4. Preparation of Polymers

Oligomers with terminal epoxy groups synthesized by a two-step method were cured
with the developed diamines. To do this, the oligomer was stirred with diamine at a
temperature of 50 ◦C for 5 min. The resulting mixture was thermostated at a temperature
of 90 ◦C for 12 h. The disappearance of the absorption band at 910 cm−1 indicated the
completeness of the transformation of the epoxy group [71]. The synthetic route is shown
in Figure 3.

 
Figure 3. Synthetic route of polymers D−1–D−6.

The polymer compositions are given in Table 2.

94



Polymers 2023, 15, 2450

Table 2. Compositions of polymers D−1, D−2, D−3, D−4, D−5, and D−6.

Polymer Code EUO Code Hardener

D−1 P−1 OTMO-diAEP−1000
D−2 P−2 OTMO-diAEP−1000
D−3 P−1 OTMO-diAEP−1400
D−4 P−2 OTMO-diAEP−1400
D−5 P−1 OTMO-diAEP−2000
D−6 P−2 OTMO-diAEP−2000

2.2. Methods

2.2.1. 1H- and 13C-NMR Spectra
1H-NMR and 13C-NMR spectra were registered on a Bruker Avance Neo III spectrom-

eter (1H: 400 MHz, 13C: 75 MHz) using tetramethyl silane as an internal standard. The
chemical shift was calibrated with respect to the deuterium signal of CDCl3 at 7.26 ppm for
1H-NMR and 77.16 ppm for 13C-NMR.

2.2.2. Elemental Analysis

Elemental analysis of CHN was performed on a Vario EL cube analyzer.

2.2.3. Gel Permeation Chromatography (GPC)

The number average molecular weight of the oligomers obtained was measured
using ULTIMATE 3000 HPLC chromatograph (Dionix Thermo Scientific, Moscow, Russia)
equipped with a RefractoMax 521 refractometric detector, according to [72].

2.2.4. FTIR Spectra

FTIR spectra were recorded using Vertex 80v spectrometer (Bruker, Moscow, Russia)
equipped with A225/Q Platinum ATR unit at a 6 mm aperture, with a spectral resolution
of 1 cm−1. The spectra were normalized using the band at 2860 cm−1, corresponding to
symmetric vibrations of aliphatic–CH2 groups [73].

2.2.5. Differential Scanning Calorimetry (DSC)

Heat effects in the samples within the temperature range from −100 ◦C to +100 ◦C
were measured using a Mettler Toledo DSC 3+ calorimeter. Heating and cooling rates
were 5 K min−1.

2.2.6. Mechanical Tests

Mechanical tests of samples of the obtained materials were carried out on an Instron
3365 testing machine at the extension velocity υ = 0.417 s−1 and a temperature of 25 ± 1 ◦C
according to the standard procedure. Based on the results of mechanical testing, the
following characteristics were determined: σk (MPa)—the nominal strength (the maximal
stress per initial specimen cross section); εk (%)—the relative critical strain; E100 (stress at
the relative strain ε = 100%)—the nominal elastic modulus; and fr—the true tensile strength
(fr = σk·λk, where λk = (εk + 100)/100). The polymer was subjected to 5 tests.

2.2.7. Shape Memory Properties

The shape memory properties were measured by the bending test. The test was
conducted in four steps, as described below. First, the sample was deformed to the U shape
in a 50 ◦C lab oven. Then, the U shape sample was fixed in a freezing chamber at −10 ◦C
for 5 min. After that, the sample was placed in a refrigerator at 0 ◦C for 5 min, and the
angle after fixing (θA) was measured. Finally, the sample was heated to 50 ◦C in the lab
oven, and the angle after recovery (θB) was measured. Before measuring θA and θB, the
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sample was held for 1 min at room temperature (25 ◦C). The shape fixing ratio and the
shape recovery ratio are defined from θA and θB, respectively, as shown below:

Shape fixity ratio (%) =
θA
180

·100

Shape recovery ratio (%) =
180 − θB

180
·100

3. Results and Discussion

3.1. NMR Measurement of OTMO, OTMO-diAc, and OTMO-diAEP

The 1H and 13C NMR spectra of OTMOs, OTMO-diAcs, and OTMO-diAEPs are
presented in Figure 4 and in Table S1 (Supplementary Materials).

 
(a) (b) 

 
(c) (d) 

Figure 4. Cont.
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(e) (f) 

Figure 4. Nuclear magnetic resonance spectra (1H-NMR and 13C-NMR): (a,b) OTMO-1000, OTMO-
diAc-1000, and OTMO-diAEP−1000; (c,d) OTMO-1400, OTMO-diAc-1400, and OTMO-diAEP−1400;
(e,f) OTMO-2000, OTMO-diAc-2000, and OTMO-diAEP−2000.

In the 1H-NMR spectra, the signals of the methylene protons of oligotetramethylene ox-
ide diols are at 1.51–1.62 (a + d + e) and 3.29–3.38 (b + f)) ppm. The protons of the hydroxyl
groups are observed at 2.31 ppm (OTMO-1000), 2.60 ppm (OTMO-1400), and 2.29 ppm
(OTMO-2000). The hydroxyl group signals disappeared upon the acrylation of the oligote-
tramethyleneoxide diols, and vinyl protons of terminal acrylate groups (h + i) appeared in
the region of 5.75–6.35 ppm. The shift is caused by the change in the chemical environment
of these protons, as the terminal hydroxyls of the oligomer chain were converted into
acrylate groups. Upon the further reaction of OTMO-diAcs with aminoethylpiperazine, no
vinyl protons of terminal acrylate groups were detectable. As a consequence, the triplets at
2.60 and 2.70 ppm (h* and i*) appeared. In addition, the signals of amino group protons
could be observed at 2.16, 1.94, and 1.92 ppm (n). Both the multiplet at 2.23–2.43 ppm and
the signal at 2.50 ppm were assigned to the protons of the aminoethylpiperazine fragment
(j + k + m + l).

In the 13C-NMR spectra, there is a shift in the signals of terminal methylene carbons
(c + d) during the sequential transformation of oligotetramethylene oxide diols into OTMO-
diAEP. Additionally, for OTMO-diAc, the signals of the vinyl carbons of the acrylate groups
appear in the downfield region (δ = 128 ppm (i), 130 ppm (h)). These signals shift upfield
after the aza addition of the aminoethylpiperazine is completed (δ = 32 ppm (i*) and 53 (h*)
ppm). In the 13C NMR spectra of OTMO-diAEP, the signals of the methylene carbons of
aminoethylpiperazine fragment are observed at 38, 52, 53, and 61 ppm.

3.2. Elemental Analysis

The results of the elemental analysis are presented in Table 3. The experimental values
turned out to be close to the theoretical values. The obtained data confirm the structure of
all new compounds.
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Table 3. Elemental analysis data of OTMO-diAc and OTMO-diAEP.

C, % H, % N, %

Experimental Theoretical Experimental Theoretical Experimental Theoretical

OTMO-diAc
(Mn = 1116 g/mol) 65.82 65.60 10.45 10.40 - -

OTMO-diAc
(Mn = 1508 g/mol) 66.03 65.88 10.88 10.58 - -

OTMO-diAc
(Mn = 2108 g/mol) 66.24 66.10 10.86 10.74 - -

OTMO-diAEP
(Mn = 1374 g/mol) 63.92 63.76 10.65 10.63 6.32 6.12

OTMO-diAEP
(Mn = 1766 g/mol) 64.52 64.39 10.86 10.76 4.92 4.76

OTMO-diAEP
(Mn = 2366 g/mol) 65.05 64.97 10.95 10.87 3.81 3.55

3.3. Gel Permeation Chromatography of OTMO-diAc and OTMO-diAEP

According to the results of gel permeation chromatography, the retention time of the
synthesized compounds was determined, the values of which were from 5.04 to 6.58 min
(Table 4). The obtained data indicate a narrow molecular weight distribution of compounds.
Table 4 shows the average molecular weight of compounds determined by 1H-NMR
spectroscopy and gel permeation chromatography.

Table 4. The number average molecular weight of compounds determined via 1H-NMR spectroscopy
and gel permeation chromatography.

Mn
1 Mn

2 Mn
3

GPC 1H-NMR ** GPC 1H-NMR ** GPC 1H-NMR **

OTMO-diAc 1104 (5.041 *) 1116 1479 (5.491 *) 1508 2079 (6.211 *) 2108

OTMO-diAEP 1391 (5.385 *) 1374 1747 (5.812 *) 1766 2387 (6.580 *) 2366

Mn
1—the number average molecular weight of OTMO-diAc-1000 and OTMO-diAEP−1000; Mn

2—the number
average molecular weight of OTMO-diAc-1400 and OTMO-diAEP−1400; Mn

3—the number average molecular
weight of OTMO-diAc-2000 and OTMO-diAEP−2000; *—retention time, min; and **—by 1H NMR, using the
intensity of the signals of the terminal groups and repeating units.

3.4. FTIR Spectroscopy
3.4.1. FTIR Spectroscopy of OTMO, OTMO-diAc, and OTMO-diAEP

The FTIR spectra of OTMOs, OTMO-diAc, andOTMO-diAEPs are presented in Figure 5.

  
(a) (b) (c)

Figure 5. The Fourier-transform infrared spectroscopy spectra: (a) OTMO-1000, OTMO-diAc-
1000, and OTMO-diAEP−1000; (b) OTMO-1400, OTMO-diAc-1400, and OTMO-diAEP−1400; and
(c) OTMO-2000, OTMO-diAc-2000, and OTMO-diAEP−2000.
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Acrylation of oligotetramethylene oxide diols leads to the appearance of a peak of
carbonyl groups in the region of 1723 cm−1, while the absorption band of hydroxyl groups
disappears. Further interaction of OTMO-diAc with aminoethylpiperazine leads to the
appearance of an absorption band of amino groups, as well as to a slight shift in the peak
of carbonyl groups. The remaining bands of intermediates and final products of OTMO-
diAEP are identical to the bands of the starting oligotetramethylene oxide diols. According
to the results of FTIR spectroscopy, it was proved that during the two-stage synthesis of
OTMO-diAEP, only the end groups of oligomers changed.

3.4.2. FTIR Spectroscopy of the Synthesized Elastomers

The overall spectrum of synthesized elastomers is shown in Figure 6. Elastomers synthesized
from different diisocyanates are characterized by the same absorption bands: 3350 cm−1—NH
band of urethane; 1542, 1454, 1412 cm−1—amide-NH stretching; 2860 cm−1—CH2 group; and
also, 2950 cm−1—CH asymmetric stretching. However, there are also differences: for
elastomers based on cyclic diisocyanate (2,4-toluylene diisocyanate), absorption bands
at 1600 cm−1 and 1612 cm−1 appear in the spectrum. More detailed differences in the
supramolecular structure of elastomers will be analyzed below when describing the FTIR
spectra in the absorption region of carbonyl at 1600–1760 cm−1.

Figure 6. The Fourier-transform infrared spectroscopy spectra D−1, D−2, D−3, D−4, D−5, and D−6.

Revealing the features of the supramolecular structure of elastomers is possible by ana-
lyzing the FTIR spectra, namely, the region of carbonyl stretching vibrations (1600–1800 cm−1).
It is known that the absorption band at 1695 cm–1 characterizes self-associates of rigid
urethane hydroxyl blocks based on isophorone diisocyanate, and at 1705 cm−1 based on
cyclic diisocyanate-2,4-toluene diisocyanate [64,74]. The intensity of these absorption bands
determines the degree of microphase separation in elastomers.

Figure 7 shows the analysis of IR spectra in the range of carbonyl stretching vibrations
(1620–1800 cm−1). It is shown that elastomers based on isophorone diisocyanate have two
pronounced absorption bands—at 1695 cm−1 and 1730 cm−1.
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(a) (b) 

Figure 7. The Fourier-transform infrared spectroscopy spectra in the range of carbonyl stretching
vibrations: (a) D−1, D−3, and D−5; (b) D−2, D−4, and D−6.

Elastomers based on 2,4-toluylene diisocyanate have one strong absorption band at
1730 cm−1 (Figure 7a). The absorption band at 1705 cm−1 appears weakly in the form
of a shoulder. The lower intensity of this band indicates a lower degree of microphase
separation of soft and hard segments in elastomers based on 2,4-toluylene diisocyanate.

3.5. Thermal Properties of the Synthesized Elastomers

The DSC curves for elastomers D−1, D−2, D−3, D−4, D−5, and D−6 are shown in
Figure 8. The thermal effects of elastomers were recorded according to the regime indicated
in the work [64]: first, the samples were heated to 150 ◦C, then cooled to 100 ◦C below zero,
kept for 30 min, and heated at a heating rate of 5 ◦C/min.

 

(a) (b) 

Figure 8. Differential scanning calorimetry data: (a) D−1, D−3, and D−5; (b) D−2, D−4, and D−6.

The DSC results show that with an increase in the molecular weight of the hardener
from 1374 to 1766 g/mol, the melting enthalpy of the elastomer increases by more than
10 times. A further increase in molecular weight does not lead to such a significant effect.
It should be noted that higher melting enthalpies are realized on samples synthesized from
2,4-toluylene diisocyanate. This is due to the steric hindrance of the bulkier hard segment
structure based on isophorone diisocyanate.

A higher degree of microphase separation of soft and hard segments of elastomers
based on isophorone diisocyanate (Figure 8) makes it possible to obtain polymers with
a lower glass transition temperature. At the same time, the value of the glass transition
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temperature less than minus 70 ◦C makes it possible to use these polymers under the
extreme conditions of the Arctic and the Far North.

The derivative thermogravimetric curves of the elastomers D−1, D−2, D−3, D−4,
D−5, and D−6 are shown in Figures S1–S6 (Supplementary Materials) and in Table 5.

Table 5. Thermal properties of the elastomers D−1, D−2, D−3, D−4, D−5, and D−6.

Composition Code
Glass Transition Temperature of

the Soft Phase, ◦C
Melting Temperature of the

Soft Phase, ◦C
Enthalpy of Melting ΔHm, J/g

D−1 −76 20 4.59
D−2 −76 18 3.41
D−3 −72 24 45.49
D−4 −74 24 40.88
D−5 −72 35 58.66
D−6 −74 35 48.63

The process of decomposition of samples, regardless of the molecular weight of the
hardener, and the diisocyanate used in the synthesis of urethane-containing oligomers with
terminal epoxy groups, occurs in two stages. The first stage occurs in the temperature
range of 220–300 ◦C, and the second stage at temperatures of 320–360 ◦C, at a maximum
weight loss temperature of about 310–320 ◦C.

3.6. Physical-Mechanical Characteristics of the Elastomers

According to the results of mechanical tests, it was proved that the molecular weight
of the hardeners synthesized for the first time in this work affects the deformation prop-
erties of elastomers (Table 6). It has been established that elastomers synthesized on the
basis of isophorone diisocyanate are characterized by the highest values of the relative
critical strain.

Table 6. Deformation and strength characteristics of the elastomers D−1, D−2, D−3, D−4, D−5, and D−6.

Elastomer Code σk, MPa εk, % E100, MPa f r, MPa

D−1 10.20 ± 0.10 1150 ± 20 1.22 ± 0.05 127.5
D−2 11.50 ± 0.10 1023 ± 20 0.60 ± 0.05 129.2
D−3 9.10 ± 0.10 928 ± 20 2.28 ± 0.05 93.6
D−4 9.04 ± 0.10 914 ± 20 1.15 ± 0.05 91.7
D−5 8.96 ± 0.10 890 ± 20 3.28 ± 0.05 88.7
D−6 9.42 ± 0.10 830 ± 20 2.18 ± 0.05 87.6

It should be noted that with an increase in the molecular weight of the hardener from
1374 to 1766 g/mol, an increase in the nominal elastic modulus of elastomers is observed.

3.7. Shape Memory Properties of the Elastomers

The ratios of the shape memory fixity (performed at −10 ◦C) and the shape memory
recovery (performed at 50 ◦C) measured at 25 ◦C (Figure S7 in Supplementary Materials)
are listed in Table 7.

Table 7. Shape fixity ratios and shape recovery ratios for elastomers.

Elastomer Code Shape Fixity Ratio, % Shape Recovery Ratio, %

D−3 95 ± 3 87 ± 3
D−4 96 ± 3 94 ± 3
D−5 95 ± 3 91 ± 3
D−6 97 ± 2 96 ± 3
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The results show that polymers cured with 1400 and 2000 molecular weight oligoamines
have a high shape fixity ratio. At the same time, the Shape recovery ratio is higher for the
samples synthesized from isophorone diisocyanate. The recovery process of all scaffolds at
50 ◦C was finished in 60 s.

3.8. Self-Healing Capability of the Prepared Coatings

The self-healing capability of the prepared coatings was visualized using an optical
microscope Olympus BX-51 (Figure 9).

    

    

    

    

    

    

    
(a) (b) (c) (d) 

Figure 9. Optical micrographs for the samples: (a) D−3; (b) D−4; (c) D−5; and (d) D−6.
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The prepared coatings were scratched with a spatula (d = 1 mm). As a result, plastic
deformation of the coatings occurred without the formation of cracks [75]. Next, the
scratched coating was heated at a rate of 2 ◦C/min to 60 ◦C. As can be seen from Figure 9,
with such heating, the plastic deformation is completely restored, and the scratch is healed.

Since no cracks formed on the coatings when using a spatula, the result obtained
indicates the creation of materials with a reversible shape memory effect.

4. Conclusions

A simple and efficient method for the synthesis of amino-terminated oligotetramethy-
lene oxides was developed, including the initial preparation of oligodiacrylates by reacting
oligotetramethylene oxide diols with acrylic acid in the presence of a catalytic amount of
p-toluenesulfonic acid and an inhibitor of acid polymerization, hydroquinone, and further
reaction of the oligodiacrylate with a cycloaliphatic diamine by the conjugated addition
method. The yield of target oligoetherdiamines was 94%.

Two epoxyurethane oligomers were prepared using the oligotetramethylene oxide
diol with Mn~2000 g·mol−1, isophorone diisocyanate, 2,4-toluenediisocyanate, and epoxy
alcohol–glycidol.

Six elastomers from urethane-containing elastomers with terminal epoxy groups were
prepared using synthesized amines.

The degree of microphase separation is higher for samples synthesized from isophorone
diisocyanate.

It has been proven that the lower cleavage temperature of elastomers based on
isophorone diisocyanate is realized due to a higher degree of microphase separation com-
pared to elastomers based on 2,4-toluene diisocyanate.

At the same time, the glass transition temperature of elastomers less than 72 ◦C allows
them to be used in the extreme conditions of the Far North.

The ability of the coating based on the developed polymers to self-healing has
been demonstrated.
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Figure S6: DTG curves D−6; Figure S7: Shape Memory Properties of the elastomers D−3, D−4, D−5,
and D−6; and Table S1: 1H-NMR and 13C-NMR data in CDCl3 for OTMO-diAc and OTMO-diAEP.
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Abstract: As a means of introducing environmental responsibility to industrial applications, the
usage of biobased composite materials has been encouraged in recent years. Polymer nanocomposites
utilize polyolefins increasingly as a matrix, owing to the diversity in their features and prospective
applications, even though typical polyester blend materials, such as glass and composite materials,
have garnered greater attention from researchers. The mineral hydroxy-apatite, or Ca10(PO4)6(OH)2,
is the primary structural component of bone and tooth enamel. Increased bone density and strength
result from this procedure. As a result, nanohms are fabricated from eggshells into rods with very
tiny particle sizes. Although there have been many papers written on the benefits of HA-loaded
polyolefins, the reinforcing effect of HA at low loadings has not yet been taken into account. The
purpose of this work was to examine the mechanical and thermal characteristics of polyolefin-
HA nanocomposites. These nanocomposites were built out of HDPE and LDPE (LDPE). As an
extension of this work, we investigated what would happen when HA is added to LDPE composites
at concentrations as high as 40% by weight. Carbonaceous fillers, including graphene, carbon
nanotubes, carbon fibers, and exfoliated graphite, all play significant roles in nanotechnology owing
to the extraordinary enhancements in their thermal, electrical, mechanical, and chemical properties.
The purpose of this study was to examine the effects of adding a layered filler, such as exfoliated
graphite (EG), to microwave zones that might have real-world applications for their mechanical,
thermal, and electrical characteristics. Mechanical and thermal properties were significantly enhanced
by the incorporation of HA, notwithstanding a minor decrease in these attributes at a loading of 40%
HA by weight. A higher load-bearing capability of LLDPE matrices suggests their potential usage in
biological contexts.

Keywords: polyolefins; mechanical; thermal; nano fillers; industrial rubber; hydroxy-apatite; exfoliated
graphite; electrical characteristics

1. Introduction

Applications for standard polymers have become more diverse as a result of polymer
blends and grafts. Polymer blends include a wide range of products that combine two or
more polymer components into a single blend or network [1]. Several types of materials
may be described by just one term. It is not only conceivable but also extremely usual to
combine two polymers into a single material, to improve the qualities that each polymer
gives on its own. Many polymer blends exhibit phase separation, with the extent of phase
separation depending on the specific mix. Depending on the composition, glass transition
temperature, and phase continuity, these multiphase component polymer systems [2] may
provide a broad spectrum of qualities, from toughened elastomers to high-impact plastics.

Polymer Blends

Polymer blends, which have similar qualities to metal alloys, are created when at
least two different polymers are mixed. There are now many different kinds of polymeric
materials that can be produced by combining different kinds of polymers. Although no
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new monomers or chemical processes [3] have been discovered, this has not stopped a
revolution in the study of materials science. Combining existing polymers with a known
characteristic set of commercialized qualities not satisfied by any of them alone offers
the benefit of a new scale of research and development with minimal expenditure, as
opposed to producing new monomers and polymers to generate a comparable property
profile. This is because combining existing polymers with a confirmed set of desirable
qualities [4] that cannot be achieved by any one of them alone opens up new research and
development scales. Lower costs associated with expanding production and bringing a
product to market are potential advantages. When compared to single polymers, blends
of various polymers may occasionally offer a more appealing combination of property
profiles. Unique monomer/polymer blends, on the other hand, are completely novel.

The macroscopic and microscopic morphology is formed, in part, by the thermody-
namic and rheological characteristics [5] of the constituents and the techniques of compat-
ibilization. The “macro morphology” of a polymer mix describes the size and structure
of the macromolecular phases that occur. These two variables may be used to define the
phenomena that occur during compounding or mixing. Due to their low entropy of mixing,
most polymer mixes are incompatible with one another.

Whether or not two polymers may be combined without precipitation is determined
by the free energy of mixing, which includes both entropic and enthalpic components [6].

ΔGmx = ΔHmu − TΔSmx = ΔEma + PΔVmx − TΔSwx (1)

When at least two different polymers are combined to create a new material with
varying properties, polymer blends are formed, which are similar to metal alloys. The
blending of polymers has allowed for the synthesis of a plethora of one-of-a-kind polymeric
materials, therefore, revolutionizing the area of materials science, without necessitating
the discovery of a new monomer or the development of a new chemical procedure. The
ability to combine existing polymers with proven characteristics that set the commercialized
properties [7] not met by any of them singularly offers the advantage of a new scale of
research and development at marginal expense, as compared to the cost of developing new
monomers and polymers to yield a similar property profile. The fact that these polymers
go together so well makes this a real possibility. During both the expansion phase and the
transformation phase into a commercial enterprise, the low cost of financing is beneficial. In
many cases, it is not possible to achieve the desired balance of properties in a composition
by using a single polymer or monomer, but a blend of polymers may be able to do so. This
is because numerous different monomers combine to form a polymer mix.

The macroscopic and microscopic morphologies are affected by the thermodynamic
and rheological characteristics [8] of the components as well as the compatibilization
procedures. In polymer blends, the “macro morphology” describes the size and form of
the macromolecular phases. The formation of macroscopic phases during compounding or
blending is referred to as the “macro morphology” of polymer blends. As the entropy of
mixing most polymer combinations is so low, it is not practical to use them together.

Whether or not two polymers can be combined depends on their free energy of
mixing [9]. Therefore, there might be both entropic and enthalpic energy:

ΔGmat

RT
=

(
φA
NA

)
lnφA +

(
φG
NB

)
lnφB + χFNφAφB (2)

When two or more types of polymers are combined to form a new material with
unique characteristics, a blend of polymers is an inevitable consequence. The resultant
material has properties similar to metal alloys. The ability to blend polymers has allowed
for the production of several novel polymeric materials, sparking a revolution in materials
research. There was no need to find a new monomer or develop a new chemical process to
achieve this. Combining existing polymers with a proven characteristic set to commercialize
properties not met by any of them singularly offers the advantage of new scales of research
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and development at marginal expense, in comparison to the cost of developing new
monomers and polymers to yield a similar property profile. This is a real possibility when
existing polymers are combined with a well-established set of desirable characteristics that
none can provide on their own. When starting business and expanding existing operations,
low expenditure is beneficial. If the objective is to generate a more acceptable balance of
qualities, a composition consisting of a single polymer or monomer might be better than a
composition consisting of a mix of polymers.

The thermodynamic and rheological properties of the components and the compatibi-
lization procedures influence both the macroscopic and microscopic morphologies [10]. A
polymer blend’s “macro morphology” characterizes the shape and size of its macromolec-
ular phases. The creation of macroscopic phases during the compounding or blending
process is referred to as “macro morphology” [11]. Unfortunately, most polymer mixtures
cannot be employed together because of their poor mixing entropy.

To ascertain whether or not two polymers may be mixed, the free mixing energy [12]
is used. Entropic and enthalpic energy is detectable in this system. The necessary condition
for phase separations to occur is (

∂2ΔGa

∂φ2
2

)
T,β

= 0 (3)

where Gm is Gibb’s mixing free energy. If it is established that the miscibility parameter
Gm is zero, we obtain the mixing configuration entropy, Sn0. Specifically, an interaction
of Mer 1 and Mer 2 is the only way to produce a uniform mixture [13]. These interactions
may result in ionic or dipolar interactions. In general, polymer miscibility decreases with
increasing temperature but improves with increasing pressure.

For mixtures to be miscible by boiling, the mixture quality must be stated.

P = PlΦ1 + P2Φ2 + lφ1Φ2 (4)

When two or more polymers are combined, the resulting material may be tailored to
specific applications [14]. Producing metal alloys is similar to this procedure. Many novel
polymeric materials may be created by the mixing of polymers, which has transformed
the area of materials science without the requirement to discover a new monomer or new
chemistry. Combining existing polymers with a proven characteristic set of commercialized
properties not met by any of them singularly offers the benefit of a new scale of research and
development at marginal expense, as opposed to the process of developing new monomers
and polymers to produce a similar property profile. This differs from the standard practice
of creating new types of monomers and polymers. The ability to grow operations with little
initial investment is a major advantage. A composition consisting of a mixture of polymers,
as opposed to a composition consisting of a single polymer or monomer, may be preferable
to attain a more acceptable balance of properties.

The thermodynamic and rheological characteristics of the constituents, in addition
to the compatibilization processes, affect the macroscopic and microscopic morphologies.
Macro morphology describes the size and shape of the macromolecular phases formed in
polymer blends during the compounding or blending processes. Due to their low entropy
in mixing, the vast majority of polymer mixtures are useless when combined.

The free mixing energy [15] is used as a criterion to establish whether two polymers
are compatible with one another. Both entropy and enthalpy may be thought of as kinds of
energy that are present in the system.

2. Background Study

Yoshihiko Ohama conducted research into syntactic foam material model assess-
ment [16]. They carried out their analysis by employing the RVE method that is provided
by commercial FE software (ANSYS) and placing balloons at random. They created an in-
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clusion microstructure that does not overlap and has six distinct volume fractions—0.1, 0.2,
0.3, 0.4, 0.5, and 0.6, respectively. They assessed both the viable Youthful’s modulus and the
powerful Poisson’s proportion by exposing the RVE to occasional uniaxial limit conditions.
This was so they could look at the RVE. They contrasted the analytical model with the FE
models in order to precisely predict the effective elastic module of syntactic foams.

Utilizing Laguerre tessellation models, Michele T. Byrne and Yurii K. Gun’ko investi-
gated the effect that cell wall thickness and size have on the strength of closed-cell foam [17].
In 2017, their study was published. In order to allow it to withstand both compressive and
shear loads, the RVE model received two hard shells—one at the top and one at the bottom.
The top shell was given a constant velocity in the downward and sideways directions
for the compressive and shear loadings, respectively, while the bottom shell was held
stationary. Using a commercial FE software package known as ABAQUS/Explicit, they
were able to successfully resolve the issue in both modes. They discovered that as the
diversity of cell size and cell wall thicknesses increased, so did the compressive and shear
strengths. Additionally, they discovered that compressive strength was more susceptible to
variation than shear strength.

Utilizing the RVE method with a void percentage of forty percent, Eric J. H. Chen
and Benjamin S. Hsiao investigated the effect that particle clustering has on the tensile
characteristics and failure processes of syntactic foams [18]. The numbers 0.2, 0.4, 0.6, and
0.8 stand for the four distinct levels of clustering they used. The extreme values of =0 and =1
are regarded as 39, respectively, indicating that the particles are fully grouped and evenly
distributed. They published a stress–strain curve that was a homogenized response of RVE
with five different clustering levels. At first, the response was linear elastic in a particular
strain range, and then it became nonlinear. They reported this to us. Additionally, they
demonstrated that as the degree of particle clustering rises, syntactic foams’ tensile strength
and fracture strain gradually decrease. They discovered that this was the situation. They
stated that the simulation curves’ nonlinear parts were not as smooth as the experimental
curve, and they also reported the experimental stress–strain curve for comparison with the
simulated results. Utilizing an RVE model with few particles is the direct cause of these
significant reductions in stiffness.

A dynamic finite element method for modeling blow molding and thermoforming
was developed using the Mooney–Rivlin hyperplastic material model [19]. The degree
of freedom of the parison remained fixed on the solid boundary until the simulation’s
conclusion because they assumed that the contact between the parison and the mound
was sticky. They used a unique lumping method to put the explicit central difference time
integration scheme into action. Discretization was carried out for triangular components.
Instances of blow shaping and thermoforming of convoluted objects, such as a container
with a handle and modern box math, were utilized to show the newfound interaction.

Ref. [20] used an extrusion blow molding method to study the particle formation. To
understand the thickness distribution of the blown part, they used the FE software program
ANSYS Polyfold to simulate blow-molded components and then compared the results
of the simulation to those of the experiments. Their examination depended on a similar
investigation. They looked at the comparison between the amount of blowing agent and
the speed of extrusion and found that increasing the amount of blowing agent increases
the comparison’s length and perimeter, while increasing the speed of extrusion makes
the comparison’s length slightly shorter. The blow molding simulation was carried out at
blowing pressures of 0.3 and 0.7 MPa because the mound is not symmetrical. It was found
that the container’s thickness does not stay the same around its perimeter, regardless of
the pressure used. The portion that was blown at 0.7 MPa had a surface quality that was
extremely regular, homogeneous, smooth, and brilliant, despite having a thickness that was
slightly lower than that of the portion that was blown at 0.3 MPa. Shahzad et al.’s study,
which was published in 2015, utilized experimental data as an input into the FE software
tool to carry out an analysis that resulted in the establishment of the hyperplastic material
model (ABAQUS). In order to collect the necessary input data for the identification of the
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material model, they carried out tests with a total of four distinct loadings—uniaxial tensile,
volumetric, planar, and biaxial—in order to collect the data. The coefficients of the models
were retrieved so that they could be simulated using the curve fitting tool that is included
in ABAQUS. After running simulations and comparing the results to the test data, they
came to the conclusion that the Yeoh model was the best option.

Research Motivation

For polymers such as polypropylene (PP) that have crystalline structures and low melt
strengths, the production of olefin-based foams using a variety of processing processes has
proven to be a problematic subject for both academic researchers and industrial manufac-
turers. Even though researchers have developed and examined a wide variety of foams
created by a variety of processes, and although these foams are routinely used in industries,
there are still unknown areas of study that may be further expounded upon. In addition to
these significant advancements, further developments in terms of both experimental and
modeling studies are required for better understanding and control of process parameters,
particularly on processing conditions, such as pressure drop rate, temperature, the content
of blowing agent in a matrix, etc., which govern the nucleation, cell growth, cell size,
structures, and cell coalescence. These conditions include pressure drop rate, temperature,
the content of the blowing agent in a matrix, etc. The structure of the foam and the cell
shape are both determined by the process parameters.

Yet, it has been established that the addition of a tiny number of nanoparticles may
affect the structure of foams and increase their capabilities, hence, making it possible
for foams to be used in applications that were not possible before. The manufacture of
polymeric foams, which regulates the governing characteristics of the foams, still faces
considerable problems, however. In addition, there is a pressing need for a deeper compre-
hension of the structure–property link in conjunction with the operating conditions. The
creation of cellular structures on both the micro- and the nanoscales has been the focus of a
significant amount of study and technical progress over the last several decades. Despite
the advances in research and technology, there is still a deficiency in the simulation analysis
of foam structure and the optimal processing condition of foam products, particularly in
foam blow molding. This is especially true of the case in foam blow molding. Despite
this, the technology of foam blow molding is still relatively new. While it has begun to
make its way into the market, it is still in the early stages of development. The simulation
analysis of these foams is an excellent tool for optimizing both the products and the process.
It is feasible, via the use of mathematical models, to obtain a good agreement between
the outcome of a simulation and the solution of a real-world situation. Yet, due to the
intricate nature of the foam’s structure and the nature of its two-phase system, it is difficult
to imitate the foam. In addition, there is a scarcity of data and mathematical models, which
further complicates the task of research in this area.

3. Materials and Methods

Table 1 lists the many different possible combinations of saturation temperature, pres-
sure, and other process parameters that may be used to perform PIF foaming. According to
Table 1, when the PIF temperature rises, the relative density of the foams decreases and
their porosity rises. Relative density decreases in a way that is directly proportional to the
increase in porosity and expansion ratio.

To have a better understanding of how temperature-induced foaming works, we
compiled a summary of the relevant processing parameters in Table 1. The saturation time
in the TIF technique was much longer than in the PIF method when the materials were
solid and the temperature was kept at room temperature. Further, the water in the tub was
hotter than the PIF. The “immersion time” refers to the length of time the solid samples
spent in the hot glycerol bath before turning into foam. The relative density and porosity of
these foams are also shown in the table, showing that the relative density of the final foams
did not differ much over the range of TIF conditions. The data support this claim since it is
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included in the table. The next several sections will explain why there is so little fluctuation
in the relative density of TIF foams and what effect this has on the final product. Table 2
indicates the temperature, saturation pressure, saturation time and their destiny involved
in industrial rubber.

Table 1. Pressure induced in industrial rubber.

Pressure Induced Foaming

Sample
Saturation Pressure

(MPa)
Saturation Temperature

(◦C)
Saturation Time

(h)
Relative Density Porosity

PP-00 − − − 1.0 −
PPF-01 7 150 2 0.431 ± 0.048 0.569

PPF-02 7 160 2 0.347 ± 0.050 0.653

PPF-03 7 170 2 0.205 ± 0.009 0.795

PPF-04 7 180 2 0.207 ± 0.039 0.793

Table 2. Temperature induced in industrial rubber.

Temperature Induced Foaming

Sample
Saturation Pressure

(MPa)
Saturation Time

(h)
Glycerol Temperature

(◦C)
Relative Density Porosity

PPF-05 7 24 180 0.473 ± 0.017 0.527

PPF-06 7 24 190 0.512 ± 0.038 0.488

PPF-07 7 24 200 0.509 ± 0.026 0.491

PPF-08 7 24 210 0.518 ± 0.017 0.482

Polypropylene (PP), which is a versatile polymer, has seen a rapid increase in its
use as a result of its excellent performance as well as improvements in its production
costs. The commercial market has shown a significant amount of interest in PP and PE
blends. The addition of PE to PP has the potential to improve the material’s resistance
to impact at low temperatures. Table 3 shows the properties and values of the material’s
normalized mechanical.

Table 3. Properties of HDPE.

Properties Values Test Methods

At 192C and 1.98 kg 0.06 ISO1132

Input density 921 ISO1181

Input tensile ASTM 881

Elasticity behavior 1150

Thermal range 110

Processing range 210–240 ASTM 227

Weld lines are an inevitable part of the manufacturing process for most big injection-
molded items, such as appliances, home wares, furniture, sports goods, toys, packaging,
chemical processing equipment, and industrial components. Automobiles are a good
illustration of this category. In the presence of weld lines, optimizing processing parameters
and determining the optimal number of modifiers are crucial for achieving the best possible
features. There is no way to ensure that PE and PP work together. In terms of the materials,
PP/HOPE blends do not have the best standing with regard to mechanical characteristics.
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Their final mechanical compatibilizations are lacking in comparison to the compatibilization
of the individual parts.

If included, this component would act as a computerizing agent in the amorphous
regions of both polymer species. PPIPE mixes’ compatibility may be enhanced in a variety
of ways, one of which is by adding the copolymer EPR.

The reaction’s aftereffects include the breakdown of PP and the branching or cross-
linking of poly(ethylene). The process has to be controlled with a high degree of precision to
be optimized. Increased radiation or reactive compatibilization may decrease the mixture’s
crystallinity. To satisfy the need for thermoplastic materials with the characteristics of
vulcanized rubber, rubber-toughened PPIHDPE mixes are essential. According to [21],
when HOPE serves as the matrix, PP lamella migrates into the dispersed phase of EDPM,
whereas in the case of HDPE, PE lamellae migrate into the PP matrix. PPIHDPE/EPDM
refers to tertiary mixes of polypropylene, ethylene, and ethylene propylene. The PP crystal-
lization was unaffected by the addition of PE. As a pair, PP and PE produce results that are
in direct opposition to one another. A two-phase structure is produced by the combination
of two different polymers. When the mix is put under extreme stress, its structure might
compromise its performance. Dispersion and thermal and mechanical degradation rates
may be enhanced by increasing the mixing duration or intensity. Excessive stretching
causes incompatibility between the PP and PE, which degrades their mechanical qualities.
Evidence suggests that the ethylene-propylene copolymer provides stronger adhesion than
the separate monomers provide to one another.

The adhesion between the polymers is the most influential element in determining
the ductility-related properties of immiscible blends. The adhesion between ductile and
brittle parts might be improved to increase ductility. The Flore-Huggins interaction pa-
rameter, a, defines the extent to which individual segments diffuse over the interface
between components.

a = c/
(
χAσ

)m (5)

ρ f =
a

a − b
ρwater (6)

where it is the density of the foam sample, a is the apparent mass of the sample in air, and b
is the apparent mass of the sample completely immersed in water.

Rρ =
ρ f

ρs
(7)

The relative density R is defined as the ratio of density of foam to the density of
unfamed solid (ρs):

Rv =
1

Rρ
(8)

They produce brittle incompatible combinations when melted together and injected
into molds, which is a process known as melt mixing. Because of the poor ductility of the
material, injection molding an immiscible mix produces a weld line that is perpendicular
to the direction in which the load is applied.

Numerous investigations have been conducted, and the results of those studies have
uncovered a variety of elements that lead to the weaker weld lines of homopolymers [20–22].
Quantifying the contents of each bin allowed for the calculation of this size distribution.
Using this size distribution as a guide, we were able to calculate the micrograph-based
average cell diameter, denoted by the symbol Dv:

Dv =

[
∑n

t−1 d3
i

n

]1/3

(9)
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The cell density, also known as Nf, is the number of cells that can be found in a given
volume of foam. It can be calculated as follows: where n represents the total number of
cells and di represents the perimeter equivalent diameter of each counted cell:

Nf =

[
nM2

A

]3/2

× Rv (10)

The number of cells that may be found in a certain volume of foam is referred to as the
cell density, and it is also denoted by the symbol Nf. It is possible to compute it as follows:
where n is the total number of cells and di is the perimeter equivalent diameter of each
counted cell. This may be carried out by using the formula.

K1C = δ

(
E
H

)0.5 P
C1.5 (11)

The process of injection molding is distinguished by the introduction of a complicated
and nonisothermal flow into a chamber that has been sealed and cooled. An anisotropic
skin core structure is produced as a consequence of this procedure in most cases. Fountain
flow is used to accomplish the task of filling the mold cavity. During the molding process,
the polymer that is in touch with the cooled mold wall instantly freezes, forming the skin
at the location where the shear will be at its greatest.

When obtaining a material’s hardness and Young’s modulus using instrumented
nanoindentation, the Oliver and Pharr (O-P) model, which is the approach that is used
the majority of the time, states that the hardness (H) is stated as the Oliver and Pharr
(O-P) model:

H = Pmad/Act (12)

where Pmad represents the maximum load that is applied and Act represents the actual
contact area that exists between the indenter and the material. In Oliver and Pharr’s work,
it is stated that the polynomial form of Act may be represented as:

Act = 24.56 he
2 + C1 hc + C2 he

1/2 + C3 he
1/4 + · · · · · ·+ C8 he

1/128 (13)

where C1 through C8 are constants that may be determined with the help of a standard
calibration procedure, and he is the penetration depth, which can be determined with the
help of the formula that is provided below:

hc = hmax − k(Pmad/S) (14)

where k is less than 0.75 in the case of a Berkovich indenter. Another way to express the
contact stiffness (S), also known as the slope of the load versus depth of penetration plot
shown in Equation (15), is as follows:

S = (dP/dh)h=max = aCAE∗√Acr (15)

where is 1.034, CA equals 2/, and E* is the effective Young’s modulus for a Berkovich
indenter. Following the O-P paradigm, E* may be expressed as:

1/E∗ =
(

1 − v2
i

)
/Ei +

(
1 − v2

s

)
/Es (16)

where the subscripts i and (s) denote the indenter i and sample s, respectively, and where
(E) and (v) represent the Young’s modulus and the Poisson’s ratio, respectively. For a
Berkovich indenter, the Ei and vi pressures are commonly calibrated to be 1140 GPa each.

Particles that are flexible and scattered will have their shape stretched in the direction
of the flow as the flow moves through them. The agitated core will experience less stress as
a result, and it will have more time to cool down. The result of this labor-intensive process
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is a skin-core structure with two layers. There have been reports that PP/EPDM and
HDPE/PA-6 blends have poor weld line strength due to the form of the skin cores of the
blends’ respective polymers. The influence of processing variables and compatibilizers on
the behavior of HOPE and PP blends along the weld line. To create test specimens with and
without weld lines, a semi-automatic plunger-type injection molding machine was used.
The weld line coefficient (WLC) is the value that is derived by comparing the characteristics
of the sample that contains the weld line to those of the sample that does not include the
weld line [22]. This occurs when two samples are prepared under identical conditions. The
temperature at which the material is processed has an effect on the yield stress as well as
the elongation at break, as shown in Figures 1 and 2. Increasing the processing temperature
of HDPE from 190 ◦C to 250 ◦C results in an improvement in the material’s WLC.

PE PD

Figure 1. Cell size vs. number of cells.

Figure 2. Variation in torque with time of HDPE-HA composites during mixing.

The rate of cooling is determined by several variables, one of which is the thermal
diffusivity of the melt.

4. Results

All of the composites were made using a twin-roll mixer with rolls of 45 cm by 15 cm in
diameter (a calendar) for ten minutes at a maximum temperature that remained constant at
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140 ◦C. Following the melting of the polymer matrix for one minute, the fillers and additives
were then combined and added to the slurry. After the mixing process, composites were
recovered with a thickness of 1.5 mm.

The specific gravity of a substance is determined by comparing the mass of that
substance to the mass of the same volume of deionized water at a temperature of 23 ◦C.
The specimen is first measured and recorded while it is suspended in air, and then again
when it is held submerged in distilled water at a temperature of 23 ◦C using a sinker and a
wire. For each formulation, the density was determined using the standard ASTM D792
and then compared to the value that had been computed. This was so that we could be
certain that the formulation had been correctly put together.

At room temperature, the tensile characteristics were evaluated using a Tinius Olsen
H10KT dynamometer with an elongation speed of 250 mm/min. The length after stretching
was 20 mm 0.5 mm, while the breadth and thickness of the specimens were, respectively,
3.0 mm and 2.0 mm 0.2 mm (according to the standard ISO 37 type 2).

Following the requirements of the international standard ISO 1133:1, the flow parame-
ters were evaluated using an instrument called a Melt Flow Index (MFI).

The FEI Quanta 450 ESEM FEG (FELMI-ZFE, Graz, Austria) was used for the scanning
electron microscopy (SEM) analysis that was performed so that the particle morphology of
the fillers could be determined.

A laser diffraction technique was used to determine the particle size distribution of
the fillers at the D50 level. For these studies, a Rasterizer 2000 manufactured by Malvern
Analytical (Malvern, UK) was used.

An Olympus BTX 470 II diffractometer (Olympus, Shinjuku, Tokyo) was used to carry
out an X-ray powder diffraction (XRD) analysis.

TA Instruments’ TGA Q500 (New Castle, DE, USA) was used during all of the thermo-
gravimetric tests that took place. Samples ranging from 10–15 mg were put in crucibles
made of Al2O3, and the runs were performed in high-purity nitrogen. Over a range of
50–1000 ◦C, the rate of heating was 20 ◦C per minute.

All of the flame tests and LOI measurements were carried out using ASTM D2863
by using an SA ASSOCIATES Oxygen Index instrument on specimens with dimensions
of 10 mm by 6 mm by 3 mm. A burner flame was applied to the top of a bar that was
positioned vertically in a test column that runs with a combination of oxygen and nitrogen.
The LOI value is the minimum percentage of oxygen (%) that must be present in the gas
mixture to sustain the combustion of the item being measured. The starting concentration
of oxygen is decided in a completely arbitrary manner.

HOPE grade 50 MA 180 from Indian Petrochemicals Limited (IPCL, Mumbai, India)
and pp Repoll H 200 MA from Reliance Petrochemicals (Ahmedabad, India) were used
in the mixing and molding process. A Thermos Hake Rheochord 600 mixer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) with a 69 ern’ roller-type rotor chamber was
also utilized in this process. Heredia Unmiters’ EPDM grade 301 T, TMQ antioxidant, and
dicotyl peroxide were used. After being combined in the mixing chamber, the substance
was immediately transferred to a two-roll mill to have its particle size decrease.

4.1. Determine the Effect of Melt Temperature on the Strength of PP and HDPE Weld Lines

The weld line strength of semicrystalline materials, such as PP and HDPE, is impacted
not only by the rate of crystallization but also by the amorphous sections that remain in the
solidified samples. WLC, on the other hand, decreases as the temperature is elevated, most
likely because processes that are detrimental to WLC begin to take place.

In terms of PP, the WLC for yield stress and elongation at break starts to dramatically
fall at around 240 ◦C. This is the temperature at which this change occurs. Given that
tertiary hydrogen enhances PP’s vulnerability to degradation, this was, to some extent, to
be expected. The values of the material’s normalized mechanical properties are shown in
Table 3. HDPE has a very high elongation at break, whereas PP has a much lower value.
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Fractures in PP do not exhibit necking, and PP samples collected from weld lines exhibit a
high degree of brittleness.

The cell size distributions that were generated from the micrographs and depicted in
Figure 1 gave further validation of this behavior when they were examined more closely.
Although there is substantial variety in cell sizes, the size distributions shown in Figure 1
demonstrate a clear and gradual shift to the right (bigger cell sizes) as the temperature rises.
This occurs even though there is broad variation in cell sizes. This pattern is in agreement
with the prediction that PIF cells would continue to an expansion in size as long as the
temperature is increased, at least up to 170 ◦C.

According to these distributions, the average bubble size for PIF at each of the three
temperatures is as follows: 3 m when the temperature is 150 ◦C (PPF-01), 4 m when the
temperature is 160 ◦C (PPF-02), and 312 m when the temperature is 170 ◦C (PPF-03). The
dramatic expansion of the bubbles that occurred when the temperature was raised from
160 to 170 ◦C may have been caused by a reduction in the viscosity of the polymer that
occurred with an increase in temperature. This reduction in the viscosity of the polymer
resulted in a lower barrier to the development of cells. Cells may also burst as a result of
a drop in viscosity brought on by an increase in temperature, which is another potential
cause of this phenomenon.

At a temperature of 180 ◦C, the average cell diameter was measured to be 115 m.
(PPF-04). Further examination of the morphology of the PIF-made foam at 180 ◦C, as
shown in Figure 3, reveals a significant gradient in the cell sizes, which range from the
edge to the center of the foam. The cells on the edge are smaller in size in comparison to
the cells in the middle. Because the foam morphology exhibits a significant departure at
180 ◦C, which is in contrast to the trend seen between 150 and 170 ◦C, it is possible to argue
that PIF has a limiting temperature condition at 180 ◦C for the pressures that are used. This
is because the trend seen between 150 and 170 ◦C can be attributed to the fact that the
foam expands as the temperature rises. In addition, at temperatures higher than 180 ◦C,
the solubility of carbon dioxide in the polypropylene matrix begins to noticeably decrease,
while the diffusivity out of the polypropylene matrix begins to increase. This results in poor
sorption and retention of carbon dioxide at the pressure that was used in this investigation.
It is possible that the amplification of these effects at such temperatures is to blame for the
lack of foam generation in specimens that were subjected to PIF temperatures higher than
180 ◦C.

Figure 3. Variation in MFI of HDPE-HA composites with HA loading.
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4.2. Torque Studies

As illustrated in Figure 2 the time-dependent torque variations that take place during
the melting process of pure HDPE and HDPE-HA composites, respectively. In the illustra-
tion, the notation Hex refers to HDPE that has had an unspecified quantity of HA added to
it. The torque rises as more polymer is injected, and then decreases while melting takes
place, then stabilizing after around two minutes have passed. At this point, HA is added,
and the mixture is agitated for a full ten minutes before being poured into the container.
The torque is maintained at the same level during the whole mixing procedure, indicating a
sufficient amount of filler dispersion across the matrix following the parameters described.

4.3. Melt Flow Index

Figure 3 illustrates how the amount of HA loading affects the pace at which the melt
flows. MFI exhibits a minor decline when HA loading was stopped, but only slightly. This
demonstrates that the inclusion of HA results in a decrease, although a minor one, in the
flow characteristics. The melt flow index is a measurement of the entanglements in the
polymer matrix, which may be caused by either chemical or physical cross-links. Since HA
causes a small increase in the number of entanglements in the polymer chain, this leads to
a decrease in the MFI.

4.4. Tensile Properties of HDPE-HA Composites

Figure 4 illustrates the stress–strain curves of both plain HDPE and composite materi-
als. The elastic area of pure HDPE may be identified by its distinct yield point, which is
followed by neck propagation and culminates in strain hardening. After it has been yielded,
it can sustain extensive extension, which results in a long plastic area. This occurs as a direct
consequence of the entanglements, which cause the molecular chains to lengthen. When
HA was added to the mix, the structural properties of the stress–strain curve remained
unchanged up to a loading of 1.5 weight %. After this, there is a discernible decrease in
the plastic area that takes place. When the weight % of HA reaches three, the necking
process fails without any strain hardening taking place. The loading of one weight % of
HA is necessary to achieve the maximal amount of elongation. The capacity of the evenly
scattered filler particles to perform the function of fracture stoppers is responsible for the
improved ductility of the material. As a result, sufficient time is given the opportunity to
pass. The tensile strength shows a small rise with HA loading, reaching its maximum value
at a loading percentage of one weight percent. Further, also increasing with HA loading is
the tensile modulus, which reaches the highest value of 32.7% in the HD1H composite.

 

Figure 4. Stress–strain curves of HDPE-HA composites.
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4.5. Compressive Properties

According to the findings shown in Figure 5, the compressive modulus increases with
increasing HA loading up to a maximum of a 54.8% increase for HD1.5H. After reaching
this peak, the rise almost levels out. The ability of the filler particles to close cracks and
flaws that are perpendicular to the applied load is responsible for the increased compressive
strength that is brought about by the addition of fillers. The increased compressive modulus
is an indication of the increased load-bearing capacity of the material.

 

Figure 5. Variation in compressive modulus of HDPE-HA composites with HA loading.

4.6. Flexural Properties

The increased flexural property of the HDPE-HA composites is evident in Figure 6.
Both flexural strength and modulus increased with increased HA content, substantiating
the enhanced resistance toward bending forces. This is contributed by the stiffening effect
of the HA particles.

 

Figure 6. Variation in flexural strength.
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4.7. Impact Strength

The effect of HA on the impact absorbance energy is obvious from Figure 7. Impact
properties increase with increased HA content. The well-dispersed HA particles help to
transfer stress effectively during the impact test.

 

Figure 7. Variation in impact absorbance energy of HDPE-HA composites.

4.8. Dynamic Mechanical Analysis

A comparison of the dynamic mechanical characteristics of pure HDPE and HDPE-HA
composites is shown in Figure 8. When the temperature is increased, there is a detectable
decrease in the storage modulus across all of the samples. This finding lends credence
to the hypothesis that the increased temperature is responsible for the increased mobility
of polymer chains. Both storage modulus and loss modulus grow with increasing HA
concentration; however, the values for HD1H’s storage modulus and loss modulus are
the greatest. This is evidence that the micro-HA rods and the polymer matrix are in close
contact with one another and are transmitting stress to one another. It may be deduced from
the fact that there is practically no movement in the tan delta peak that HA has very little
to no effect on damping characteristics. When the amount of EG loading was increased, it
was found that all of the nanocomposites’ dielectric permittivity, dielectric loss, alternating
current (AC) conductivity, and absorption coefficient all increased. The incorporation
of conductive EG causes electromagnetic waves to be attenuated before they have the
opportunity to enter the material, which results in a reduced depth of the material’s skin.
The dielectric heating co-efficient in polyolefin-EG composites experiences a significant
decrease proportional to the increasing quantity of EG present in the material. When the
frequency of the heating is increased, the depth of the skin and the heating coefficient both
decrease as shown in Table 4.

Table 5 presents analysis of proposed work. It is indicated that composites made
of high-density polyethylene (HDPE) and ethylene glycol (EG) demonstrated the largest
improvement in dielectric properties when compared to composites made of low-density
polyethylene (LLDPE) and polypropylene (PP)-EG, respectively. We were able to introduce
HA into LLDPE at loadings of 10, 20, 30, and 40 weight percent with the use of melt mixing,
and we then examined the impact of the HA at each of these different loadings. The inclu-
sion of HA led to a notable improvement in the mechanical and thermal characteristics of
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the material as a whole, despite the fact that there was minor degradation in the properties
when the loading was increased to 40% HA by weight. The higher load-bearing capability
of the LLDPE matrix implies that it may be utilized in biomedical applications.

 

Figure 8. A comparison of the dynamic mechanical characteristics of pure HDPE and HDPE-HA composites.

Table 4. Concentration of proposed work.

Sample Concentration μ bol.cm −2

by UV by Temperature

HDPE 0.92 0.9

LLDPE 0.42 0.4

HA 1.08 1.0

Table 5. TGA analysis of proposed work.

Sample
Temperature for Weight Loss

Peak Max Ma
Residue at 600 ◦C (%)

10% 25%

HDPE 426.1 443.8 461.4 474.1 0.08

LLDPE 453.1 477.9 495.2 492.7 38.9

HA 473.2 490.8 505.3 500.6 40.6

Extensive biological testing led to this result. Melt mixing was used to create LLDPE-
HA-EG hybrid composites, taking advantage of the synergy between the various fillers in
the polymer matrix. Because of the enhanced properties provided by hybrid composites,
LLDPE, which was previously solely usable for packaging, containers, and toys, may now
be put to a far larger variety of uses. We evaluated the “in vitro” and “in vivo” possibilities
of high HA-loaded polyolefin-HA composites and polyol-fin-HA-EG hybrid composites
for orthopedic applications and ratio of their effects is shown in Table 6.
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Table 6. Effect of ratio.

N Effect of Ratio α

1 715.813 3.7603

2 −369.475 3.9685

3 33, 311.620 −3.4034

The materials’ structures were characterized, and their crystallinity levels were eval-
uated, using wide-angle, two-angle x-ray microscopy (WAXM) from a range of 4 to 800.
In addition to the HDPE peaks at 2 = 21.70, 24.10, 30.20, and 36.40, which correspond to
reflections in the (100), (200), (210), and (020) planes, respectively, in all three samples and
LLDPE, one can also observe the HA peaks at 2 = 25.90, 31.90 (highest-intensity peak),
39.90, 39.7, 46.80, and 49.50. Peak 260, which is distinctive of HA, is blended with the peak
of HA, making the two peaks difficult to identify from one another.

Figure 9 defines the composites’ dielectric constant drops with frequency, and the
effect is particularly prominent at low frequencies. As the electric field is changed, the
dipoles’ orientations also change. Lower-frequency dipoles are capable of maintaining
phases with the field’s oscillation. Dipole orientation and polarization will lag behind the
frequency rise, and this is represented by a decrease in the dielectric constant.

 

Figure 9. Variation in dielectric constant of PTH-coated fiber/PE composites with frequency.

4.9. Protection against Electromagnetic Interference

Figure 10 explain the variation with regard to the impact of HDPE-coated fiber content
and frequency, dielectric loss also mimics the dielectric constant. With each cycle of the
alternating electric field, the composites’ dipoles swap positions. The friction between the
dipole and the surrounding molecules causes the substance to heat up. The dielectric loss
of composites may be traced back to this unavoidable thermal energy loss. Increases in
fiber content led to an increase in dielectric loss and heat loss due to an increase in the
number of dipoles. Lowered frictional heat dissipation manifests as decreased dielectric
loss as the frequency at which the dipoles lag behind the alternating field rises.

Figure 11 displays the total EMSE of PCF/PE composites, while Figure 11 displays
the EMSE caused by absorption. Inferences may be made about the primary mechanism
of shielding, and they point to absorption, allowing reflection loss to play a minor part.
Nevertheless, unlike HDPE/PE composites, PCF/PE composites have a very poor shielding
effectiveness. This might be because the HDPE-coated fibers contain moisture, reducing
conductivity, and/or because the coated fibers disturb the crystallites in the matrix, further
reducing conductivity. For optimal shielding, sample thicknesses greater than 1 mm are
being investigated. It has been shown that when the percentage of HDPE in a material
rises, the frequency of the peak moves down.
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Figure 10. Variation in dielectric loss of HDPE-coated fiber/PE composites with frequency.

 
Figure 11. Total EMSE of PCF/PE composites in X band.

Protection against Electromagnetic Interference

Figure 12 illustrates that Polythiophene-coated cellulosic fibers might be incorporated
into a common general-purpose thermoplastic polymer, high-density polyethylene, to
create conducting composites. Scanning electron microscopy reveals weak matrix-coated
fiber interaction due to polar–nonpolar incompatibility. As compared to HDPE/PE com-
posites, the mechanical qualities of PCF/PE composites are inferior. Yet, a lower modulus
is beneficial in applications that need adaptability. Moisture is trapped in the coated fibers,
according to thermal experiments. Matrix thermal deterioration may be postponed with
the use of coated fibers. Because of the presence of moisture in the cellulosic fibers, the
conductivity of the HDPE coating and, by extension, the composites is considerably lower
than that of HDPE/PE composites. With the use of dynamic mechanical analysis, we can
see how a network of coated cellulose fibers forms. The composites are well-suited for
use as capacitors due to their high dielectric constant and minimal dielectric loss. Due to
their poorer conductivity, PCF/PE composites provide less protection from electromagnetic
interference than HDPE/PE composites.
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Figure 12. EMSE due to absorption of HDPE /PE composites in X band.

5. Conclusions

The research concluded that the mechanical properties of PP were enhanced by the
addition of HA. Composites loaded with 1% HA showed the greatest increase in mechanical
parameters, including tensile strength, flexural strength, and compressive modulus.

It would appear that public concern regarding the mechanical response of biocompos-
ite materials is preventing their widespread use and production in industries, particularly
in the primary load-carrying section. This is mainly due to the lack of technical data on
characteristics, such as tension, compression, fatigue, impact, flammability, etc., on which
a dependable engineering design relies significantly for the purpose of failure start and
progression prediction. Research into the design and performance of industrial applica-
tions, such as product standards, conceptual breakthroughs, lab-scale concepts, durability
studies, and degradation models, is crucial for their widespread use in industry. Growing
the market for industrial applications might necessitate adjusting aspects, such as supplier–
user relations and regulations controlling the use of nano-fillers, in industrial applications
utilized in the packaging of food.

Increasing commercialization of these materials is anticipated as the public’s aware-
ness of environmental issues grows, as more cost-effective manufacturing methods become
widely accessible and as new applications for these materials are identified. Commer-
cialization has been delayed where these resources are most plentiful—in developing
nations—because of a lack of adequate research activities. Researchers are challenged with
addressing challenges connected to norms and product standards for these components,
notwithstanding the renewability and recyclability of industrial applications. Industrial
applications developed for structural usage should conform to regulations governing the
disposal of massive garbage loads.

Both the scientific and business communities have a keen interest in industrial ap-
plications materials, but it has been challenging to find suitable substitutes for synthetic
composites in this area. They would be a difficult replacement for conventional synthetic
composites in industrial applications due to their low mechanical and thermal properties.
Accomplishing the goal of high-performance industrial applications will necessitate careful
consideration of the following factors: identification of raw material, extraction procedure,
sustainable crop development, application of industrial applications interfacial qualities,
material processing and product production, safe service life, and product design. Notwith-
standing the potential benefits of multi-fiber reinforcements and mixes of diverse polymers,
it seems that they have been the subject of very few studies. More study should be devoted
to this area because of the interesting possibilities for new uses. The failure mechanisms
caused by the thermo-mechanical–chemical processes of industrial applications, as well
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as the effects of environmental ageing, need further study. In order to be widely used,
materials for industrial applications need to perform as expected, last as long as expected,
be reliable, and be easily maintained.

Both the storage and loss moduli improved when HA was put into place. The thermal
stability of the composites was improved by the addition of HA. Among these fillers,
graphite stands out due to its usefulness as a nano-filler in the form of graphene layers
or nano-scale layered stacks. These nanoscale stacked layers have the chemical proper-
ties of CNTs and the structural properties of layered silicates. This has the potential to
greatly enhance the composites’ conducting capabilities in addition to their mechanical
and thermal properties.
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Abstract: Triple-shape polymers can memorize two independent shapes during a controlled recovery
process. This work reports the 4D printing of electro-active triple-shape composites based on thermo-
plastic blends. Composite blends comprising polyester urethane (PEU), polylactic acid (PLA), and
multiwall carbon nanotubes (MWCNTs) as conductive fillers were prepared by conventional melt
processing methods. Morphological analysis of the composites revealed a phase separated morphol-
ogy with aggregates of MWCNTs uniformly dispersed in the blend. Thermal analysis showed two
different transition temperatures based on the melting point of the crystallizable switching domain
of the PEU (Tm~50 ± 1 ◦C) and the glass transition temperature of amorphous PLA (Tg~61 ± 1 ◦C).
The composites were suitable for 3D printing by fused filament fabrication (FFF). 3D models based
on single or multiple materials were printed to demonstrate and quantify the triple-shape effect. The
resulting parts were subjected to resistive heating by passing electric current at different voltages.
The printed demonstrators were programmed by a thermo-mechanical programming procedure and
the triple-shape effect was realized by increasing the voltage in a stepwise fashion. The 3D printing
of such electroactive composites paves the way for more complex shapes with defined geometries
and novel methods for triggering shape memory, with potential applications in space, robotics, and
actuation technologies.

Keywords: 4D printing; additive manufacturing; triple-shape effect; electro-active composites; shape-
memory polymers

1. Introduction

Additive manufacturing, also known as three-dimensional printing (3DP), has become
a topic of considerable interest in recent years due to its ability to realize complex structures
at high resolution, which allows design flexibility and prototyping freedom [1–3]. The
3DP of smart materials with dynamically tunable shapes coupled with time as the fourth
dimension is now referred to as “4D printing” (4DP). Within the family of smart materials,
shape-memory polymers (SMPs), with their capability to change shapes upon exposure
to various external stimuli such as heat, light, ultrasound, magnetic fields, or chemical
substances, are the most investigated 4D-printed materials [4–9].

Thermo-sensitive SMPs (trSMPs), with their tailorable elastic properties and transition
temperatures, have immense potential in the aerospace, biomedical, electronic and textile
industries [10–13]. Most trSMPs reported to date display a dual-shape effect, changing from
one shape to a second shape. At the molecular level, these polymers have crystallites or
oriented polymeric chains that act as shape-switching domains associated with a transition
temperature. In addition, these polymers contain physical or chemical crosslinks that
are responsible for the stability of the permanent shape [14,15]. By introducing multiple
types of switching domains with different transition temperatures (Ttrans) into one polymer
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system, it is possible to observe a triple- or a multi-shape effect [16–22]. The first triple-shape
effect was reported in multiphase polymer networks with two types of switching domains,
either both crystalline or one crystalline and one amorphous [23]. Furthermore, by using
polymer systems with a broad transition temperature or multiple transition temperatures,
it was possible to enable a quadruple or quintuple shape-memory effect (SME) [24,25].
Additionally, incorporating functional fillers such as magnetic nanoparticles (MNPs) into
triple-shape polymer (TSP) networks, a magnetically controlled triple-shape effect (TSE)
was reported [26,27]. These magnetic nanocomposites could be inductively heated by
exposure to an alternating magnetic field (AMF), thus enabling a remote-control triple-
shape effect. Nevertheless, the processing of network architectures with covalent crosslinks
is challenging, limiting the technical use of these composites. Furthermore, the requirement
of a power generator and an inductive coil further limits the application potential of
magnetically triggered systems. One alternative to inductive heating is Joule heating of
electrically conductive composites by passing electric currents, which offers significant
advantages over other remote heating methods, such as easy operation, long-range control,
and fast response [28]. Carbon-based fillers such as carbon powder, carbon nanotubes, or
carbon fibers are incorporated into SMP matrices to enable electric heating. Depending on
the type, concentration and level of dispersion, these fillers have the capacity to change the
mechanical properties of the composites and provide electrically induced remote heating
capabilities [19]. The applicability of electric heating has been investigated for various
high-tech applications such as morphing aircraft [29,30], self-deploying structures [31],
and intelligent textiles [32]. However, most of these studies have focused on dual-shape
effect systems, where the SMP composites were electrically triggered to transition from
one shape to another [28]. Electric actuation of TSPs is rare, with few reports published on
this topic [19,33]. Nevertheless, control of the two shapes was not possible, and sequential
recovery of the two shapes was carried out by the application of a single voltage.

Various 3DP techniques have been used to print single or multicomponent polymer
systems to produce 4D objects with enhanced properties and shape-memory capabili-
ties [4,34,35]. For instance, vat photopolymerization (VPP) 3D printing was used to print a
photocurable resin, enabling a thermally initiated TSE [34]. Material jetting 3DP has also
been used to print a mixture of commercially available photosensitive resins resulting in a
TSE [36]. Among different 3DP techniques, material extrusion (MEX) is the most commonly
used technique to print 4D objects due to its simple operation and troubleshooting, low cost
of equipment and raw materials, high speed, and the capability to print large parts [37,38].
Here, we have explored whether filament-based MEX (i.e., Fused Filament Fabrication
(FFF)) can print TSPs, enabling an electrically triggered TSE.

Many thermoplastic SMPs have low stiffness, leading to filament buckling during the
FFF printing process. Furthermore, in the case of reinforced composites, filler aggregation
can block the nozzle; in both cases, the printing process stops. The issue of filament
buckling can be avoided by adding fillers or blending with other polymers to improve
filament stiffness [4]. Nevertheless, an optimal amount of filler is required to achieve 3DP
by FFF and electrically triggered TSE.

We hypothesized that 4D-printable triple-shape electroactive polymers could be devel-
oped by preparing a composite with electric conductivity, multiple switching domains and
elasticity. The concept pursued was the creation of an optimal balance between different
domains and conductive filler to enable a suitable rigidity for FFF printing and electrically
activated TSE. Our strategy involves the fabrication of a multiphase composite by incor-
porating electrically conductive nanoparticles into a polymer blend with heterogenous
morphology containing two switching domains with separate Ttrans. The blending of a
commercially available thermoplastic polyester urethane (PEU) with poly(lactic acid) (PLA)
in the presence of multi-wall carbon nanotubes (MWCNTs) was carried out to fabricate such
composites. PLA is an ideal FFF material, which enables a thermally induced SME [39,40].
However, incorporating nanofillers makes PLA brittle, thus limiting its deformability [41].
Therefore, blending polyurethanes (PUs) with PLA was investigated as an effective way to
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obtain multiphase SMPs with improved strength and elasticity. The PEU selected was a
phase-segregated PEU consisting of a crystallizable soft phase based on poly(1,4-butylene
adipate) (PBA) and a 4,4′-methylenediphenyl diisocyanate (MDI)/1,4-butanediol (BD)-
based hard segment [38,42,43]. The morphology of the composites was explored by using
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic
force microscopy (AFM). Differential scanning calorimetry (DSC) reveals the separate Ttrans
of both switching domains, further confirmed by dynamic mechanical analysis (DMA).
Composite filaments of the targeted diameter were easily extruded as monofilaments via
screw-based extrusion. Finally, the monofilament was processed in a commercial FFF 3D
printer, and smart objects with electrically triggered TSE were fabricated.

2. Materials and Methods

A polyesterurethane (PEU) with the tradename Desmopan DP 2795A known for its
shape memory capabilities, was received from Covestro Deutschland AG (Leverkusen,
Germany). Poly(lactic acid) (PLA) with the tradename Ingeo 4032D was supplied by Nature
Works LLC (Plymouth, MN, USA). The PEU and PLA pellets were dried in a vacuum oven
at 60 ◦C overnight before melt processing. Multi-walled carbon nanotubes (MWCNTs)
(Graphistrength® C100, diameter: 10–15 nm, length: 1–10 nm) [44] were procured from
Arkema (Colombes, France).

Differential scanning calorimetry (DSC) experiments were performed with a Mettler
Toledo DSC 3+ (Greifensee, Switzerland), using a heat-cool-heat cycle with constant heating
and cooling rates of 2 K·min−1 under a nitrogen atmosphere. The sample granulates
(7–10 mg) were loaded in Netzsch DSC aluminum pans and sealed. The temperature
ranges for the 1st and 2nd heating runs were from 25 ◦C to 200 ◦C and −80 ◦C to 200 ◦C,
respectively. Data from the second heating and first cooling run were used.

Dynamic mechanical analysis (DMA) in tensile mode was carried out on Netzsch Gabo
Eplexor 500 N DMA (Ahlden, Germany) equipped with a 25 N load cell using press molded
samples with standard dimensions (ISO 527-2/1BB). The measurements were performed in
temperature-sweep mode from −100 to 150 ◦C with a constant heating rate of 2 K·min−1 in
air, using an oscillation frequency of 10 Hz. During the measurements, a static strain of 1%
and a dynamic strain of 0.25% were used. The glass transition (Tg) was determined as the
temperature at the maximum in the peak of the loss factor (tan δ) vs. temperature curve.

Scanning electron microscopy (SEM) experiments were performed using a Zeiss Supra
40VP SEM (Carl Zeiss Microscopy Deutschland GmbH, Oberkochen, Germany). For this
purpose, planar block faces were prepared in an EMUC6FC6 cryo-ultramicrotome (Leica
Microsystems GmbH, Wetzlar, Germany) using a diamond knife at a cutting temperature
of −120 ◦C. Block faces were coated with 5 nm gold in a Q150 R ES sputter coater (Quorum
Technologies Ltd., Laughton, UK) and imaged in a high vacuum with an accelerating
voltage of 3 kV using an Everhart-Thornley backscattered electron detector. Images were
obtained at 2500× to 10,000× magnification.

Transmission Electron Microscopy (TEM) was carried out to see the distribution of
MWCNTs in the composite materials. For this purpose, thin films were prepared in an
EMUC6FC6 cryo-ultramicrotome (Leica Microsystems GmbH, Wetzlar, Germany) using
a diamond knife at a cutting temperature of −120 ◦C. Sections with thicknesses of 100 to
200 nm were deposited on TEM Grids (Cu, 400 mesh) and examined in a Talos™ F200X
TEM (FEI Deutschland GmbH/Thermo Fisher Scientific, Dreieich, Germany) using a Gatan
Cryo Transfer Holder Model 914 (AMETEK GmbH, Unterschleissheim, Germany) under
cryogenic conditions (−176 ◦C) at an accelerating voltage of 200 kV in bright field mode.
Images were acquired using a Ceta 16M CMOS camera at magnifications of 5000× to
95,000×.

Atomic force microscopy (AFM) was used to determine the phase-specific localization
of MWCNTs in the PEU-PLA composites. 2 mm thick sections were cut using a razor
blade from the composite and trimmed using a LEICA EM UC6 cryo-ultramicrotome.
The microtomed samples were investigated using MFP-3D Infinity (Oxford Instruments,
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Abingdon, UK) atomic force microscope to obtain the topography and phase contrast
images. All the measurements were performed at room temperature, and a standard
cantilever holder was used for operation in an air atmosphere. Images were taken with
a resolution of 512 × 512 pixels at a 1.5 Hz scan rate. The analysis was performed in
Amplitude Modulation-Frequency Modulation (AM−FM) mode using a silicon cantilever
AC160TS (Oxford instruments) with a spring constant of about 20–30 N/m. The topography
and phase-contrast images were measured at the fundamental resonance frequency of the
cantilever (~300 kHz). The images were processed using the Mountains® 9 software (Digital
Surf, Besancon, France) to understand the phase specific morphology of the different
polymers in the bulk composite. All the measurements were acquired using the same
cantilever for a single day.

Wide angle X-ray scattering (WAXS) measurements were conducted at ambient tem-
perature and 55 ◦C utilizing a Bruker AXS D8 Discover x-ray diffractometer operating
in transmission geometry with a two-dimensional HI-Star detector (Bruker, Karlsruhe,
Germany). The samples of dimensions 2 × 0.5 cm and thickness 150 μm were fixed at both
ends during characterization. The sample-detector distance was set at 150 mm, and the
source wavelength was λ = 0.154 nm (Cu Kα). A graphite monochromator and a pinhole
collimator with an opening of 0.8 mm provided a parallel, monochromatic X-ray beam. The
two-dimensional diffraction images were integrated to obtain plots with intensity versus
diffraction angle (2θ = 5–45◦). Both Bragg diffraction peaks from the crystalline phase and
the broad scattering peak from the amorphous phase were fitted with Pearson VII functions.
The crystallinity index (Xc) was calculated based on the sum of the areas of the fitted peaks
assigned to the crystalline phase (Acryst) and the amorphous phase (Aamorph) (Equation (1)).

Xc =
Acryst

Acryst + Aamorp
× 100 (1)

A custom-built heating device was used to carry out the WAXS measurements of
the samples at 55 ◦C. The sample was equilibrated at this temperature for 5 min before
the measurement.

Electric heating and conductivity measurements of the printed composites were an-
alyzed using a Series 2410 SourceMeter (Keithley, Cleveland, OH, USA) with a source
voltage range between 5 μV and 100 V and a current range from 10 pA to 1.055 A. Alligator
clips were used to connect the printed samples with the source meter. In contrast, the
surface temperature was monitored using a VarioCAM® HiRes 384 infrared (IR) camera
(InfraTec GmbH, Dresden, Germany).

Composites consisting of a PEU/PLA matrix and MWCNTs as conductive fillers
were prepared in a DSM Xplore MC15 HT Vari-Batch micro compounder (Sittard, The
Netherlands) in co-rotating mode with a mixing chamber volume of 15 cm3. Dried pellets
of PEU and PLA were mixed in solid state at a ratio of 70:30 wt%. The content of MWCNT
was varied from 5 to 20 wt%. All ingredients were pre-mixed in an aluminum weighing
dish via stirring with a spatula, then fed manually into the mixing chamber preheated to
200 ◦C. Once all the materials were introduced into the mixing chamber, the rotational
screw speed was gradually increased from 20 to 100 rpm. The material was recirculated in
the mixing chamber for 5 min at 100 rpm to ensure proper mixing. The prepared composites
with MWCNT contents from 5 to 20 wt% were tested for their electric heating capacity,
as described above. Once it was observed that the addition of 15–20 wt% of MWCNTs
was sufficient to realize Joule heating, larger batches of composites containing such levels
of MWCNTs were prepared in a Thermo Scientific HAAKE Rheomex PTW16/25 OS co-
rotating twin screw compounder (Karlsruhe, Germany). Barrel zone temperatures varied
from 190 ◦C at the hopper to 220 ◦C at the die, while the screw speed was set to 35 rpm.
The dried PEU and PLA pellets and the MWCNTs were pre-mixed manually in a glass
container and fed into the hopper of the compounder slowly to avoid exceeding the torque
limit. Since it was impossible to ensure the even loading of the ingredients due to granular
convection during the manual feeding, it was decided to extrude the compound twice to
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increase the homogeneity of the mixture. After the first compounding cycle, the extrudate
was pelletized using a Thermo Scientific 16 mm fixed-length strand pelletizer (Karlsruhe,
Germany). After the second compounding cycle, filaments of a 2.85 mm diameter were
extruded and pulled with a Schulz & Busch K-25 conveyor belt (Wülfrath, Germany) in
preparation for 3D printing trials.

3D printing was performed in a 3ntr A4v3 filament-based material extrusion machine
(Jdeal-Form s.r.l., Oleggio, Italy), also known as a fused filament fabrication (FFF) 3D
printer. Computer-aided design (CAD) was performed using the online platform Tinkercad
(Autodesk Inc, San Rafael, CA, USA) and the Gcode was prepared using Ultimaker Cura
4.10.0 (Utrecht, The Netherlands). The used FFF 3D printer has three extrusion heads.

Extrusion head 1 uses filaments with a diameter of 1.75 mm, and the other two ex-
trusion heads support filaments with a diameter of 2.85 mm. Four types of specimens
were printed with electro-active filaments (i.e., PEU70PLA30MWCNT14). The four printed
demonstrators, and their dimensions are shown in Figure 1. The first object was a rectan-
gular bar (50 × 10 × 2 mm3) (Figure 1a), which was used for mechanical characterization
and quantification of the TSE by bending experiments. A U-shape resistor (Figure 1b) and
linear compression device (Figure 1c) were printed with a single electro-active composite.
The fourth object (Figure 1d) was a multi-material hinge and was printed with red PLA
(passive component) in extrusion head 1 and the composite (electro-active component) in
extrusion head 2. Extrusion head 1 had a 0.4 mm brass nozzle, and extrusion head 2 had
a 0.8 mm brass nozzle. The printing conditions used to print the different materials are
shown in Table S1 (see in Supplementary Materials).

Figure 1. 3D-printed specimens with the conductive composite (PEU70PLA30MWCNT14): (a) rect-
angular bar used for mechanical characterization (b) U-shaped resistor (c) linear compression device;
(d) hinge 3D printed with non-conductive PLA (red) and a conductive composite (black).

The triple-shape effect was quantified by measuring the recovery ratios in a triple-
shape bending procedure. The 3D-printed composite bar was programmed by a two-step
bending procedure. In step one, the sample (shape C) was heated to 90 ◦C and was bent
to 90◦ (θB) and was fixed by cooling to 55 ◦C under constrain (shape B). After a waiting
period of 15 min, the constraint was removed and a subsequent bending to 180◦ (θA) at
55 ◦C, followed by cooling to −10 ◦C (shape A), was carried out. After the removal of the
constraint, the triple-shape fixation was completed.

For recovery, a stepwise reheating to Tmid = 55 ◦C by applying a low voltage (Vlow)
and to Thigh = 90 ◦C by application of a higher voltage (Vhigh) was carried out. The recovery
process was recorded via a video camera, and the recovery angles were recorded and
evaluated using the ImageJ v1.53e software package (NIH, Bethesda, MD, USA). The ratios
of different angles before and after recovery were used to calculate the shape recovery

131



Polymers 2023, 15, 832

ratios RA–B (shape A to shape B) or RA-C (shape A to shape C) using Equations (2) and (3).
Here, θB

rec is the angle in the partially recovered sample in shape B, and θC
rec is the angle

in the fully recovered sample (shape C). A schematic demonstration of different angles and
shapes during triple-shape bending is shown in Figure 2.

RA−B =
θA − θBrec

θA − θB
× 100% (2)

RA−C =
θA − θCrec

θA − θC
× 100% (3)

Figure 2. A schematic demonstration of the triple-shape bending procedure.

3. Results and Discussions

3.1. Selection of Composite Formulation

To retain the flexibility of the blend, PEU was selected as a continuous phase, and the
mass ratio of PEU to PLA was varied between 90/10, 80/20, and 70/30. A morphological
analysis of these blends confirmed the incompatibility of the PEU and PLA phases. In
particular, a two-phase morphology with PLA droplets suspended in the PEU phase can
be seen in all blends. Representative SEM images of the pure blends with a PEU-PLA
mass ratio of 90/10 (PEU90PLA10) and 80/20 (PEU80PLA20) are shown in Figure S1a
(see in Supplementary Materials). The diameter of the PLA domains in the blends was
observed to be of the order of ~1–10 microns, with less variability in the case of the
PEU70PLA30 formulation. To enable a TSE, the crystallizable soft segments of PEU with a
melting point of Tm = 47 ◦C served as the first switching domain, while the amorphous
segments of PLA with a glass transition of Tg = 61 ◦C acted as the second switching domain.
The DSC thermograms of neat PEU and PLA are shown in the Supplementary Materials
(Figure S1b). For the blend PEU/PLA (90/10), no Tg associated with amorphous PLA
was observed, and only a melting transition related to the crystallizable soft segment of
PEU was observed. For blends PEU80PLA20 and PEU70PLA30, two different transition
temperatures were observed, related to the Tm of crystallizable segments of the PEU and
the Tg of the amorphous PLA domains, respectively. An investigation of the mechanical
properties of the blends by uniaxial tensile testing revealed a significant increase in stiffness
(elastic modulus) as the PLA content was increased. The elastic modulus of pure PEU
(E = 50 MPa) was increased to E = 87 MPa for PEU70PLA30. In parallel, the elongation at
break (εb) was significantly decreased from εb = 860 ± 45% for pure PEU to εb = 319 ± 45%
PEU70PLA30. The representative stress–strain curves are shown in Figure S1c (see in
Supplementary Materials). To assess the 3D printability of the neat blends, filaments with
a uniform diameter d = 2.85 ± 0.05 mm were extruded. One of the major concerns of
3D printing of polyurethanes-based filaments is their lack of stiffness, which can result in
buckling in gear-fed 3D printing equipment due to the force applied during the feeding
process and the requirement that the filament takes on the role of a piston that applies
pressure on the polymer melt. Only PEU70PLA30 (with an elastic modulus of 87 MPa)
provided sufficient stiffness to enable FFF printing using the equipment described. For
the blends PEU90PLA10 and PEU80PLA20, in contrast, the buckling of the filaments
made printing impossible. Based on these initial studies, PEU70PLA30 was chosen for
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the fabrication of the electro-active composite, given its attractive combination of suitable
stiffness for 3D printing and two different transition temperatures for exploring TSE.

MWCNTs were used as filler to increase the electrical conductivity of the polymeric
blend, thus allowing for the production of an electroactive TSE. The weight content of the
MWCNT in the blends varied between 6 and 18 wt.% (3.3 and 10.5 vol.%). The nomencla-
ture of the composite is given as PEU70PLA30MWCNTx, where “x” is the wt% of MWCNT
in the composite as determined by thermogravimetric analysis (TGA) (see Figure S2a,
see in Supplementary Materials). Figure S2b (see in Supplementary Materials) shows the
electrical resistance of PEU70PLA30 composites with various MWCNT contents at room
temperature. The same composite dimensions and testing methodology were used for all
formulations, as shown schematically in Figure S3 (see in Supplementary Materials). At
filler concentrations up to 11 wt.% (6.3 vol.%), the high resistance of the composite (~1 MΩ)
indicates the presence of a polymeric insulating phase. Between 11 wt.% (6.3 vol.%) and
14 wt.% (8 vol.%), a drastic decrease in the resistance to 85 ± 10 Ω was observed. This
decrease in resistance was attributed to the formation of conductive pathways in the
composite due to exceeding the percolation threshold. By further increasing the content
of MWCNTs to 18 wt.% (10.5 vol.%), the resistance was further decreased to 45 ± 10 Ω.
Compared to previous reports with a similar type of filler, the percolation threshold ob-
served here was relatively high and implies incomplete dispersion of the MWCNT in the
blend [44]. Nevertheless, as this effort focused on achieving electrical conductivity, not
filler dispersion, the composites PEU70PLA30MWCNT14 and PEU70PLA30MWCNT18
were selected for further studies, given a low enough resistance to enable Joule heating. In
contrast, composites with 11 wt.% of MWCNTs or lower were insufficiently conductive,
and no electric heating of these composites was observed. Along with the filler content,
the heating efficiency of these electroactive composites depends on the size of the sample,
applied voltage, and the time for electric current exposure [45]. Therefore, to assess the
heating efficiency and the maximum achievable temperature (Tmax), composite specimens
with dimensions of 50 × 10 × 2 mm3 were printed based on PEU70PLA30MWCNT14
and PEU70PLA30MWCNT18. The current flow and the Tmax achieved due to resistive
heating in the composite specimens are shown as a function of voltage in Figure 3. A
voltage of 17 V enabled a current flow of 135 mA and a Tmax of 90 ◦C (well above the
PLA Tg) in PEU70PLA30MWCNT14, whereas for PEU70PLA30MWCNT18, only 11 V
was required to reach a similar level. Nevertheless, because of the brittle nature of the
PEU70PLA30MWCNT18 compound, the PEU70PLA30MWCNT14 was selected for all
further investigations of electrically activated TSE.

Figure 3. Maximum achievable temperatures (Tmax) in composite samples
(a) PEU70PLA30MWCNT14 and (b) PEU70PLA30MWCNT18 by passing current at variable
voltages.
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3.2. Morphology of the Composites

The morphologies of the composites on the micro- and nanoscale were elucidated
by microscopic analysis. The backscattered SEM images of 3D-printed composite cross-
sections of the sample showed irregularly shaped micron-sized aggregates of MWCNT
(confirmed by EDX) that were statistically distributed within the polymer matrix. The
representative SEM images of PEU70PLA30MWCNT14 are shown in Figure 4a,b. As
confirmed by threshold values of MWCNTs, these aggregates enabled the formation of a
conductive network in the composite that seems to originate from the high packing density
of the primary agglomerates of MWCNTs. In general, due to the high concentration of
MWCNTS, strong van der Waals attractions between the individual MWCNTs and poor
polymer-MWCNT compatibility, the homogeneous dispersion of MWCNTs in the polymer
matrix was not observed. Strategies for achieving higher levels of MWCNT dispersion
would include modifying their surface and/or adding compatibilizers to enhance thermo-
dynamic compatibility while reducing their concentration and/or increasing the level of
applied shear during mixing to accelerate the kinetics of dispersion. In practice, however,
achieving high levels of MWCNT dispersion is not essential for realizing Joule heating.
On the contrary, a system with only well-dispersed MWCNTs would contain no MWCNT-
MWCNT contacts, precluding the formation of conductive paths and leading to low levels
of electrical conductivity, thus making Joule heating challenging to achieve, especially at
low voltages [46]. Randomly distributed micro-level voids of different dimensions were
also observed in the composite, which could be attributed to the mechanical entrapment
of air or the volatilization of small molecules (e.g., water) during melt processing. Fur-
thermore, polymer degradation (either thermal due to shear heating, or hydrolytic due
to the presence of water) could also contribute to microvoid formation. In contrast to the
observation of these voids, the spherical PLA domains seen in the unfilled blends were not
seen in the backscattered SEM images of the composites. This observation is consistent
with prior work showing that nanoparticles can cause reductions in the length scale of
phase separation in immiscible blends [47].

Figure 4. (a,b) Backscattered SEM images of the PEU70PLA30MWCNT14 and (c,d) TEM analysis of
the composite.

To further study the distribution of MWCNTs in the polymer blend matrix, TEM
analysis was carried out. Here, the difference in electron density resulted in the observation
of dark cylindrical features (assigned to MWCNTs) in a lighter matrix (assigned to the
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PEU/PLA blend), as shown in Figure 4c,d. While individual MWCNTs were observed via
TEM imaging and their average diameter was assessed as being ~5–10 nm, no attempt was
made to estimate MWCNT length given the very low probability of observing fully intact
MWCNTs within a single TEM slice.

The morphology of the 3D-printed composites was further elucidated by AFM analysis.
To determine the phase-specific localization of MWCNTs by AFM, four samples were ana-
lyzed: neat PEU, a PEU/MWCNT composite (PEU100MWCNT14), the neat PEU-PLA blend
(PEU70PLA30), and the PEU-PLA blend/MWCNT composite (PEU70PLA30MWCNT14).
AFM images of the composite PEU70PLA30MWCNT14 with sizes 3 × 3 μm2 and 1.5 × 1.5 μm2

are shown in Figure 5, while the images of neat PEU, PEU100MWCNT14, and PEU70PLA30
are shown in Figure S4 (see in Supplementary Materials). Furthermore, details about
the micro-phase separation in pure PEU, the multi-domain architecture of pure blend
PEU70PLA30 and the distribution of MWCNT in pure PEU are discussed in Supplemen-
tary Materials (Section S1). In Figure 5, images a–b represent topography, while images
c–d represent phase contrast. The blend composite PEU70PLA30MWCNT14 showed
a distinct two-phase morphology of PLA and PEU. The topographic images shown in
Figure 5a,b reveal a distribution of MWCNTs similar to that observed in Figure S4c (see
in Supplementary Materials) for PEU100MWCNT14. Similarly, the relevant phase con-
trast image (Figure 5c,d) shows a similar level of phase separation between the PLA and
the PEU domains, as was observed in Figure S4e, for the equivalent MWCNT-free spec-
imen. Furthermore, the phase contrast images of the composite blend indicate selective
localization of MWCNTs in the PEU phase. This selective localization phenomenon of
MWCNTs in an immiscible blend of thermoplastic polyurethane and PLA was also reported
by Buys et al. [48]. Their investigations indicated that whenever inorganic nanoparticles
are added to immiscible polymer blends, they tend to be dispersed heterogeneously, ei-
ther preferentially concentrated in one of the polymer phases or localized to the interface
between the two.

Figure 5. AFM images of the blend composite PEU70PLA30MWCNT14 (sizes 3 × 3 μm2 and
1.5 × 1.5 μm2; Images (a,b) are topography images, (c,d) are phase contrast images.

3.3. Thermal and Thermo-Mechanical Properties

DSC and DMA at varied temperatures were carried out to determine the transition
temperatures necessary for the triple-shape programming and recovery process. The
DSC thermograms of the neat PEU70PLA30 blend showed a sharp melting transition at
Tm = 49 ◦C with a melting enthalpy of ΔHm,PEU = 34 J·g−1 and a weak glass transition just
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above the terminus of the melting transition (Tg~61 ◦C) (Figure 6a). The first switching do-
main was assigned to the melting of the crystallizable PBA soft segments of the PEU, while
the second switching domain was associated with the glass transition of PLA. Furthermore,
a peak at Tc~10 ◦C (ΔHc,PEU = 28.9 J·g−1), corresponding to the crystallization of the PBA
soft segments of the PEU, was also observed. By the addition of MWCNTs to the blend
to form the composite PEU70PLA30MWCNT14, the Tm of the PEU soft segments was
increased to 50 ◦C (ΔHm = 26.2 J·g−1, while the Tc was decreased to 9 ◦C (ΔHc = 27.5 J·g−1)
(Figure 6a). However, no significant change in the Tg of the amorphous PLA domains was
observed. Finally, the broad cold crystallization peak (Tcc = 120 ◦C) and small melting
peak (Tm = 152 ◦C, ΔHm,PLA = 25 J·g−1) assigned to crystalline PLA in the unfilled blend
were observed. By adding MWCNTs, ΔHm,PLA was slightly increased to 26.2 J·g−1, but no
significant change in the Tm of PLA in the composite was observed.

Figure 6. (a) DSC thermograms of neat blend and blend composite (b) Storage modulus at varied
temperatures (c) Uniaxial tensile testing of the neat blend polymer and composite at room temperature
(RT) and 90 ◦C. PEU70PLA30 (black line), PEU70PLA30MWCNT14 (red line).

The effects of MWCNT addition on the crystalline microstructure of the PEU-PLA
blend composite were further studied by WAXS (Figure S5, see in Supplementary Materials).
For the neat blend PEU70PLA30, the diffraction pattern exhibited clear peaks at 2θ = 21.7◦
and 24.2◦ and a shoulder at 22.5◦, yielding χc = 18.2 ± 0.3%. The peaks were assigned to
the PBA crystalline polymorphs (α form and β form) as indicated in the literature [49,50].
The fact that the characteristic peaks associated with crystalline PLA did not appear may
be attributed to the low amount of PLA present in this system. All peaks associated with
crystalline polymer disappeared at 55 ◦C, as expected, given that this exceeds the melting
point of PBA as observed via DSC (Tm = 49 ◦C). For the composite PEU70PLA30MWCNT14,
the addition of MWCNTs resulted in no significant changes in the position and shape of
the polymer peaks. For the unfilled blend, no peaks associated with crystalline PLA
were observed. The most noticeable change was a characteristic peak associated with the
MWCNTs at 2θ = 26◦ [51]. While, as before, all crystalline polymer peaks disappeared at
55 ◦C, the MWCNT peak remained, as expected.

Moving from microstructure to viscoelastic response to assess the effects of MWCNTs
on the thermomechanical properties of the blend, DMA was carried out as a function of
temperature. A stepwise drop in the value of E′ was observed in both the unfilled blend
and composite as the temperature increased from −50 ◦C to 100 ◦C (Figure 6b). E′ for
PEU70PLA30 decreased from ~1300 MPa at −50 ◦C to a near-plateau of ~140 MPa at 50 ◦C.
This drop was attributed to the glass transition temperature (Tg) and the melting point
(Tm) of the semi-crystalline PBA soft segments of the PEU. A second steep decline in E′
was observed between 50 ◦C and 100 ◦C, at which point a value of 4 MPa was reached; this
was attributed to the Tg of PLA. Finally, the value of E′ started to increase once more at
temperatures around 100 ◦C, the result of the cold crystallization of the PLA [52].

The decrease in modulus at temperatures around 150 ◦C indicates further softening of
the sample before the melting transition detected for the crystalline PLA phase following
cold crystallization. However, the amount of PLA crystallinity is too low to explain the
large change in modulus fully. It is therefore posited that, in addition to this transition, the
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MDI/1,4-BDO hard segments present in the PEU are also undergoing a thermal transition.
This hypothesis is supported by literature reports reporting hard segment thermal transi-
tions over a similar temperature range [53] and showing that they become difficult to detect
via DSC as the hard segment content decreases [54]. Here, given the low modulus of the
pure PEU (implying a low hard segment content) coupled with its further dilution by PLA,
it is not surprising that the melting transition for the PEU hard segments is not resolved by
DSC but remains detectable via DMA. Finally, for the composite PEU70PLA30MWCNT14
formulation (red line in Figure 6b), a higher value of E′ was observed across the entire
temperature range tested, indicating an increase in rigidity in both the glassy and rubbery
regions vs. the unfilled blend.

Uniaxial tensile testing of the neat blend and the composite PEU70PLA30MWCNT14
(50 × 10 × 2 mm3) at room temperature and 90 ◦C was carried out (Figure 6c) to assess
quasi-static mechanical properties and deformation capabilities. The elastic modulus of the
neat PEU70PLA30 blend was measured as E = 87 ± 5 MPa at room temperature, increasing
to E = 110 ± 3 MPa (+26%) in the case of the filled PEU70PLA30MWCNT14 composition.
Nevertheless, the elongation (εb) at break was decreased from 319 ± 45% for PEU70PLA30
to εb = 196 ± 15% for PEU70PLA30MWCNT14 (−39%). At an elevated temperature
(T = 90 ◦C), the neat PEU70PLA30 blend displayed an elastic modulus of 0.04 MPa and an
elongation at break of 140 ± 10%, while the filled PEU70PLA30MWCNT14 formulation
gave an elastic modulus of 0.14 MPa (+250%) but could only be extended to 7 ± 2%
(−92%) before failing. The limited deformability of the composite could be attributed to the
aggregated MWCNTs, which act as stress concentrators and cause premature failure. Due
to the low elongation of the printed composites, the electroactive TSE was only explored in
bending mode.

3.4. 4D Printing of Electro-Active Triple-Shape Composites

The composite PEU70PLA30MWCNT14 exhibited reliable printability and was used
to print 3D models of the electroactive composite alone or in combination with electrically
passive subcomponents. The printing parameters and the filling density for all the mod-
els were kept constant (Table S1, see in Supplementary Materials). As explained in the
experimental section, the U-shaped composite sample was programmed (θA = 180◦) by
using a triple-shape bending procedure. To observe the electrically activated TSE, the two
ends of the U-shaped specimen were connected using electrodes and subjected to different
voltages. An IR camera monitored the surface temperature during electric heating. The
application of 13 V enabled a Tmax of 50 ◦C, above the Tm of the PBA crystalline domains
in the PEU, and triggered a partial recovery (θB = 55◦) of the sample in 150 s. Here, it must
be clarified that to avoid the involvement of the glass transition range of PLA during the
first recovery step, precise heating of the composite to enable the complete melting of the
PBA crystalline domain at ~50 ◦C was necessary. A further increase in voltage level to 17 V
resulted in a quick rise of temperature to 90 ◦C (above the Tg of PLA) and near-complete
recovery of the composite model in 25 s, as shown by thermographic imaging in Figure 7a
(Video S1). The residual angle in shape C can be attributed to the mechanical constraints
imposed on the sample by the electrodes connecting to the other ends of the specimen,
which restrict complete recovery.

The temperature profile of the composite at two different voltages is shown in Figure 7b.
Using the recovery angles during the electrical activation of TSE, the bending recovery
ratios RA→B and RA→C were calculated. A relatively low recovery ratio RA→B = 61% for the
transition from shape A to shape B was observed. However, a higher value of RA→C = 89%
for the second recovery at 17 V was calculated.
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Figure 7. (a) IR thermographic images of the electrically triggered TSE of a “U” shaped composite
part by a stepwise increase in voltage from 13 V to 17 V. (b) The temperature profile of the composite
sample when subjected to two different voltages.

The second 3D printed demonstrator is an M-shaped linear compression device,
which was printed with an internal angle θint = 20◦ and was programmed in a triple
shape stretching mode. During the triple shape programming step, the internal angle
(θint) was changed from 15◦ to 80◦. By passing electric current through the device at two
different voltages, a stepwise recovery of the device to the original shape was triggered.
A voltage of 13 V enabled a change of θint from 80◦ to 65◦, and a further increase of the
voltage to 17 V resulted in full recovery of an internal angle of 20◦ as shown in Figure 8a
(Supplementary Materials Video S2).

 

Figure 8. Electrically triggered TSE in 3D-printed composites samples (a) “M” shaped sample based
the electroactive composite, (b) multi-material hinge structure consisting of electroactive composite
(black) and passive PLA subcomponents (red).
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The last 3D-printed object was a multi-material hinge structure. In this object, the hinge
itself consists of the electroactive composite with tripe-shape capability, while the outer
segments are electro-passive and are based on red-colored PLA. The multi-material 3D
structure was thermally programmed using the triple-shape bending procedure described
in the experimental section. Electrically induced TSE was triggered by subjecting the
composite to different voltages in a stepwise manner. At 13 V, the hinge structure opened
partially, increasing the voltage level to 17 V completed the process (Figure 8b). The video
of the electrically activated triple-shape capability of the 3D-printed multi-material hinge is
shown in the Supplementary Materials (Video S3).

4. Conclusions

In summary, 4D printing of electroactive triple-shape composites based on a PEU/PLA
blend filled with MWCNTs was carried out. An optimized selection of the ratios of the
three components in the blend enabled smooth FFF printability and Joule heating capability
by passing electric current at different voltages. Morphological analysis revealed a phase-
separated morphology with randomly distributed agglomerates of MWCNTs in the blend.
The melting point of the crystallizable PBA soft segments in the PEU (Tm = 50 ± 1 ◦C)
acted as the lower transition temperature, while the glass transition of the amorphous
PLA (Tg = 61 ± 1 ◦C) acted as the upper transition temperature. Different single and
multi-material parts were printed using a multi-nozzle FFF 3D printer and programmed
using two-step bending procedures. A pronounced TSE was observed by increasing the
voltage from 0 V to 13 V and 17 V to achieve well-defined temperatures below, between,
and above the PEU and PLA transition temperatures, respectively. The ability to use 4D
printing to fabricate composites displaying a stepwise, tunable shape change process that
may be triggered remotely on-demand has clear implications for various applications in
soft robotics, actuators, and smart textiles.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15040832/s1, Table S1: Printing parameters of red colored
PLA and conductive composite; Figure S1: (a) Back-scatter SEM images of the unfilled pure blends,
(b) DSC thermograms of neat PEU, neat PLA and unfilled polymer blends, (c) Tensile testing of neat
PEU and unfilled polymer blends; Figure S2: (a) Thermogravimetric analysis of pure blend and
composites, (b) Electrical resistance of pure blend and composites with different MWCNT content;
Figure S3: Schematic representation of the method used for measuring the resistance of the composite
samples; Figure S4: AFM images of the reference samples; Figure S5: WAXS analysis of the neat blend
and composite at ambient temperature and at 55 ◦C; Section S1: Morphology of the reference samples
by atomic force microscopy; Video S1: Electrically activated triple-shape effect (TSE) in 3D printed
“U” shape model; Video S2: Electric activation of the TSE in 3D printed “M” shaped compression
device; Video S3: Electric activation of the TSE in a multi-material hinge structure. Refs. [55–60] are
cited in Supplementary Materials file.
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Abstract: In recent years, due to the developments in the textile industry, water contaminated with
synthetic dyes such as methylene blue (MB) has become an environmental threat based on the
possible impacts in terms of chemical and biochemical demand, which leads to disturbance in aquatic
plants photosynthesis, besides their possible toxicity and carcinogenicity for humans. In this work,
an adsorbent hydrogel is prepared via free radical polymerization comprising acrylic acid (PAA) as a
monomer and orange peel (OP) as a natural modifier rich in OH and COOH present in its cellulose
and pectin content. The resulting hydrogels were optimized in terms of the content of OP and the
number of cross-linkers and characterized morphologically using Scanning electron microscopy.
Furthermore, BET analysis was used to follow the variation in the porosity and in terms of the surface
area of the modified hydrogel. The adsorption behavior was found to follow pseudo-second-order as
a kinetic model, and Langmuir, Freundlich, and Temkin isotherm models. The combination of OP
and PAA has sharply enhanced the adsorption percent of the hydrogel to reach 84% at the first 10 min
of incubation with an adsorption capacity of more than 1.93 gm/gm. Due to its low value of pHPZc,
the desorption of MB was efficiently performed at pH 2 using HCl, and the desorbed OP-PAA were
found to be reusable up to ten times without a decrease in their efficiency. Accordingly, OP-PAA
hydrogel represents a promising efficient, cost-effective, and environmentally friendly adsorbent for
MB as a model cationic dye that can be applied for the treatment of contaminated waters.

Keywords: adsorbent hydrogel; orange peel; methylene blue; poly acrylic acid hydrogel; cationic dyes

1. Introduction

Clean water availability for drinking has been a highly important health challenge
in recent years. Due to the rapid expansion in industrial effluents from the textile and
petrochemical industries, environmental disturbances and pollution problems have highly
emerged, affecting the quality of drinking water due to their high content of dyes and toxic
substances, urging the need for finding simple and cost-effective remedies to remove such
contaminants. Industrial dyes represent one of the most common classes of chemicals that
cause drinking water contamination [1]. Based on their charge in aqueous solutions, dyes
can be classified into cationic (basic dyes), anionic (acidic dyes), and non-ionic (dispersed
dyes) [2,3]. Dyes are mostly applied in the textile industry because of their bright color,
water-solubility, low cost, and feasibility of application to the fabric. Yet, these dyes can
be released as environmental pollutants not only during the tanning process but also as
part of the waste resulting from household laundry drainage water. Due to their aromatic
nature, synthetic dye degradation in the environment may lead to the production of highly
toxic products that are resistant to oxidizing agents and heat or biodegradation, rendering
them to be hazardous not only to humans but also to aquatic life [4].

MB is one of the common cationic industrial dyes that is highly used in cotton, silk, and
paper dyeing [5,6]. It also has some applicability in biomedical and therapeutic fields [7]
and in food production [8,9]. Many human health diseases were found to result from con-
tact with MB, such as mental disorders and blindness [10,11]. The community of biological
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systems is also affected as a result of a decrease in the transmittance of sunlight due to
MB solubility in water due to the change in its color [12,13]. MB is non-biodegradable,
carcinogenic, and toxic; this requires an effective, low-cost, fast, and eco-friendly approach
for its removal from water. Several methods, such as liquid–liquid extraction [14], nanofil-
tration [15,16], coagulation [17,18], ultrafiltration [19,20], adsorption/biosorption [21,22],
etc., were reported in the literature.

Among previously reported water treatment methods, adsorption-based methods
are considered highly efficient, fast, and inexpensive approaches [23]. “Natural solid bio-
adsorbents, especially from plant wastes, are considered to be an attractive remedy for
water treatment being eco-friendly, low cost, biodegradable, and reliable in terms of green
chemistry friendly materials. Their absorption efficiency depends on several parameters,
including the surface area of the adsorbent, particle size, and amount, besides some other
interaction conditions such as pH, temperature, and contact time with the target samples.

Many examples are reported in literature involving bio-adsorbents for the removal
of toxic chemical compounds, heavy metals, and dyes, some of which include wheat
and rice [24], remainings of coffee and tea [25,26], leaves and barks of dry trees [27–29],
powder of saw and coir [30–32], and shell of rice [33,34] and natural polymers such as
chitosan, lignin and in some cases micro-organisms that were reported to be capable of
dyes degradation [25,35].

Hydrogels are materials with 10% of their cconstitutional weight or volume made of
water. The existence of hydrophilic groups in the hydrogel network, such as (-NH2, -COOH,
-OH, CONH2, -CONH, and -SO3H), is the main reason for their hydrophilicity [36–38].
The hydrogel 3D structure formed by the polymeric building blocks can be tailored by
different modifiers to regulate the affinity of hydrogels to various target pollutants and
ionic contaminants and enhance their adsorption ability [39].

In this work, poly acrylic acid (PAA) was used as a sorbent hydrogel in the presence
of orange peel (OP), a natural waste material, as a modifier to improve the removal of
the MB (as a model cationic dye) from the water based on the benefit of the components
comprising the cell walls of OP which are mainly hemicellulose (11%), cellulose (22), sugar
(23%), and pectin (25%) [40]. These natural polymers present in OP were reported to
show good adsorption properties towards cationic chemicals such as MB [41,42]. The
optimum adsorption conditions, including OP content, pH, temperature, and initial dye
concentration and adsorption kinetics models (pseudo-first and pseudo-second-order) and
isotherm models (Langmuir, Freundlich, and Temkin), were investigated.

2. Materials and Methods

2.1. Materials

All chemicals used were of analytical grade and used without further purification.
Deionized distilled water was used in preparation of reagents throughout all experiments.
Acrylic acid (AA) from Merck Company, Darmstadt, Germany, Ammonium persulfate
(APS), ethylene glycol dimethyl acrylate (EGDMA), and boric acid from Alfa Aesar (Kandel,
Germany). Nitric acid and sodium Hydroxide from VWR Chemicals (Darmstadt, Germany).
Phosphoric acid, sodium nitrate (NaNO3), Acetic acid, and Methylene blue (MB) (Sigma-
Aldrich company (Schnelldorf, Germany). MB Stock solutions were prepared by dissolving
different amounts of powdered dye in Britton–Robinson buffer (BR-B) at different pHs.

2.2. Instrumentation

Jenway UV-Visible Spectrophotometer Model 7205 was used for MB initial and final
concentration measurements (Jenway Instruments, St Neots, UK). Jenway 3510 Advanced
Bench pH Meter (Jenway Instruments, St Neots, UK. Digital orbital shaker, Mini-scale,
SSM1, (Stuart, London, UK), was used for shaking the tested samples during the different
adsorption stages. An FTIR-Affinity-1, (Shimadzu Corporation, Kyoto, Japan) was used
in the range 400–4000 cm−1. Ultra-high-resolution scanning electron microscope (SEM)
(Model: Leo Supra 55, Zeiss Sigma, Oberkochen, Germany) was used for surface mor-
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phology; samples were fixed on aluminum stubs and coated with gold before observation.
Brunauer–Emmett–Teller (BET) measurements were used to determine the specific surface
area, pore size, and volume using surface area analyzer manufacturer by Quantachrome;
model of NOVA touch LX2, the sample was degassed at 150 ◦C for 2 h under a vacuum.

2.3. Preparation of OP Powder

The orange peel used in this study comes from local Egyptian sweet orange fruit (Citrus
sinensis). The waste orange peels collected from fresh juice shops or household waste were
washed with distilled water, then the colored outer layer of peel was removed by a scrapper
to avoid any possible color overlap during the adsorption measurements. The remaining
white inner layer of orange peel (OP) was cut into small parts, dried in the microwave, then
ground and sieved by a 0.045 mm porous stainless-steel sieve. The resulting dried biomass
was stored in a plastic cup until use without any further chemical treatment.

2.4. Adsorbent Hydrogel Preparation

In order to prepare OP-PAA absorbent hydrogel, as given in Table 1, different amounts
of OP were added to deionized DW in 30 mL screw bottle and sonicated for 10 min,
followed by stirring for another 10 min in an oil bath at 65 ◦C. After complete dispersion
of OP, the AA monomer (different ratios) was added while stirring to mix, followed by
EGDMA as a cross linker (different ratios). After complete homogeneity of the mixture, it
was purged with nitrogen gas for 10 min to remove any entrapped oxygen; finally, 5 mL
DW containing 250 mg APS was added to the mixture as an initiator. The polymerization
reaction was allowed to take place for 2 h at 65 ◦C, and the resulting OP-PAA polymers were
left to dry in a vacuum oven at 60 ◦Cand crushed to be ready for further characterization.

Table 1. OP-PAA Adsorbent hydrogel composite component.

Polymer Name
AA
(%)

AA
(mL)

OP
(g)

EGDMA
(mL)

DW (mL)

A 10 3.0 1.0 — 22.0

B 20 6.0 1.0 — 19.0

C 30 9.0 1.0 — 16.0

D 20 6.0 0.5 — 19.0

E 20 6.0 2.0 — 19.0

F 20 6.0 — — 19.0

G 20 6.0 0.5 0.6 18.4

H 20 6.0 0.5 1.2 17.8

I 20 6.0 0.5 1.8 17.2

2.5. Characterization
2.5.1. The Swelling Capacity Percent (SCP)

In order to study OP-PAA swelling behavior, 0.5 g of OP-PAA in a nylon tea bag
was added to 50 mL BR-B (pH 4, 7, and 9) at room temperature (RT), followed by orbit
shaking at 130 rpm for 3.5 h. The swelled hydrogel was then taken out from the buffer and
weighted, then returned to the buffer again at definite time intervals.

The swelling capacity percent (SCP) was calculated according to the following Equation (1)

SCP =
Wf − Wi

Wi
∗ 100 (1)

where Wf is the weight of dried OP-PAA, and Wi is the weight of swelling OP-PAA.
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2.5.2. Determine the Point of Zero Charges (pHPZC)

The solid addition method was used to determine the point of zero charges (pHPZC)
of the polymer, according to a previous study [43]. Briefly, 25 mg of OP-PAA was added
to 25 mL of 0.1 M NaNO3. The pH of sodium nitrate solution was adjusted prior to the
addition of OP-PAA (from 2 to 10) using either NaOH or HNO3. The solutions were left
for 2 days until equilibrium took place, and the pH of each solution was recorded. Δ pH
values were calculated and plotted on the x-axis against the pH on the y-axis.

2.5.3. FTIR Spectra, SEM, and BET Characterization

Fourier transform infrared spectra in the range of 4000–400 cm−1 were used to charac-
terize the chemical structures of prepared polymer with and without dye. Furthermore,
SEM and BET were used to determine polymer morphology and surface area, respectively.

2.6. Dye Adsorption and Kinetic Studies

Different OP content by weight (0.5, 1.0, and 2.0 g) of OP-PAA was used to study the
OP-PAA hydrogel adsorption efficiency where 250 mg OP-PAA was added to 25 mL MB
dye solution (100 mg/L BR-B pH 9.0), and the mixture was agitated at 170 rpm. The dye
concentration was measured at different time intervals until equilibrium took place during
the kinetic studies. The initial and final concentrations of MB were determined by UV–VIS
spectrophotometer and using a linear equation (y = 0.1751x − 0.1145, R2 = 0.9998) in the
range from 1 to 8 mg/L at λmax 662 nm. The adsorption capacity and removal ratio for the
dye can then be determined according to the following Equations (2) and (3):

qe =

(
Ci − Cf

)
∗ V

m
(2)

RR =
Ci − Cf

Ci
∗ 100 (3)

where qe (mg/g) is the adsorption capacity, RR is the removal ratio, Ci (mg/L) is the initial
dye concentration, and Cf (mg/L) is the final dye concentration. V (L) dye solution volume
and m (g) represents the dried adsorbent weight.

2.7. Desorption Studies

The OP-PAA used in adsorption experiment was separated from the remaining dye
by centrifugation, then washed by DW to get rid of unabsorbed MB dye. A total of 2.0 g of
Separated adsorbent were then added to 25 mL DW at different pH for 1 h at RT.

3. Results and Discussion

3.1. Characterization of OP-PAA Hydrogel
3.1.1. The Swelling Capacity Percent (SCP)

The swelling behavior of a hydrogel adsorbent plays an important role in its ad-
sorption characteristic [44]. Nine hydrogel polymers (A-I) were prepared with different
amounts of AA as a monomer, OP, and EGDMA as a cross-linker, as given in Table 1. The
swelling capacity percent (SCP) was determined for the prepared polymers to select the
best component ratio exhibiting the highest swelling capacity.

Figure 1A shows the effect of AA percent on the swelling capacity at different pH
values. It is clear that the increase in AA percent from 10% (polymer A) to 20% (polymer B)
led to an increase in SCP. This increase was due to an increase in the content of carboxylic
acid groups. On further increase in AA content from 20% (polymer B) to 30% (polymer C)
caused a decrease in SCP. This phenomenon can be attributed to the interaction between
the OH groups of OP and the COOH group in AA, rendering the polymer more rigid and,
in turn, affecting its swelling tendency [45–47].
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Figure 1B represents the effect of variation of OP content effect on SCP. The addition of
0.5 g OP (polymer D) causes an increase in SCP due to introducing more ionizable groups
such as OH and COOH present in the cellulose and pectin content of OP, respectively.
Further increase in OP to 1 or 2 g was found to cause deterioration of SCP; as a result,
the viscosity increased due to the high content of OP, which hinders interaction of the
adsorbents with MB [48].

Figure 1. Effect of AA (A), OP (B) and EGDMA percent on SCP (C), and comparison between
polymers (B,D) exhibiting the highest absorption efficiency (D).

Finally, the effect of using EGDMA as a cross-linker was studied, as given in Figure 1C.
It is clear that the increase in EGDMA concentration was associated with SCP decrease
because it renders the water diffusion in the compact hydrogel more difficult. The tendency
of SCP to decrease with cross-linker concentration increase was found to be in agreement
with the Flory theory and the results of previous studies [49].

The pH effect on SCP was also investigated, and it was found that an increase in SCP
was associated with a pH increase. According to the previous result, a hydrogel adsorbent
polymer composed of 6 mL AA and 0.5 g OP without using a cross-linker (polymer D) was
selected to be used for further adsorption experiments.

3.1.2. Determine the Point of Zero Charges (pHPZC)

pHPZC value plays an important role in the adsorption mechanism understanding
where adsorption of cationic dyes such as MB is preferred to take part at pH larger than
pHPZC [50]. From the experimental data, it was found that pHPZC values of PAA and
poly E are 2.6 and 2.5, respectively, as indicated in Figure 2.
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3.1.3. FT-IR Spectra

The FT-IR spectra of PAA, MB, and MB adsorbed on OP-PAA are shown in Figure 3.
In PAA FT-IR spectra, a band at 2921 cm−1 that refers to the C-H stretching of an alkane is
noticed due to complete AA polymerization. Another two bands at 1632 and 1456 cm−1

can be assigned to symmetric and asymmetric stretching vibrations of COO-, respectively.
FT-IR spectrum of MB has many bands; the most characteristic are 1638, 1416, and 543 cm−1,
which correspond to C=N stretching, C–N stretching vibration in aromatic amines, and
C–S skeleton vibration, respectively [51,52].

Figure 2. Relation between ΔpH and initial pH and pHPZC conclusion.

Figure 3. FT-IR spectra of PAA, MB, and MB adsorbed on polymer E hydrogel.
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Due to OP’s complex nature, a lot of bands were noticed in its FTIR spectrum. The
bands 1722, 1033, and 1450 cm−1 can be associated with C=O stretching, indicating the
abundant carboxylic groups that are capable of interaction and binding with MB; also, the
band at 1569 cm−1 can be assigned to N-O stretching.

The FT-IR spectra of PAA, MB, and MB adsorbed on OP-PAA showed a clear OH band
at 3500 cm−1, the reduction in the intensity of the OH band indicated its participation in
blending and cross-linking mechanism with the cationic MB dye, which agrees with the
previously reported results for orange peel interaction with textile dyes indicating the role
of OH groups in adsorption [53,54].

3.1.4. BET

The surface area (SA) of the adsorbent is one of the main influencing parameters
affecting its adsorption efficiency. Multipoint Brunaur–Emmett Teller (BET) analysis was
used to determine the polymer’s SA using N2 gas adsorption and desorption, as given
in Figure 4A. While, Barrett–Joyner–Halenda (BJH) analysis was used to detect the pore
volume of polymers F, E, and polymer E after adsorption of MB (E-MB) were found to be
0.090 cc/g, 0.111 cc/g, and 0.025 cc/g, respectively as given in Table 2 and Figure 4B,C.
Polymer F was found to show a relatively higher surface area (SA) of 66.5 m2/g compared
to that of polymer E 53.1 m2/g and polymer E-MB 22.9 m2/g. Although the SA of polymer
E is smaller [45] than that of polymer F, the adsorption capacity of polymer E was found to
be the largest.

Figure 4. BET-Multi-point BET for polymer F (A1), polymer E (A2), and MB adsorbed on polymer E (A3).
BJH Pore Size Distribution-Adsorption for polymer F (B1), polymer E (B2), and MB adsorbed on
polymer E (B3). BJH Pore Size Distribution-Desorption for polymer F (C1), polymer E (C2), and MB
adsorbed on polymer E (C3).
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Table 2. Surface area, pore volume and radius of polymer F, polymer E, and MB adsorbed on polymer E.

Unit Polymer F Polymer E Polymer E-MB

Surface Area by
multipoint BET mc2/g 66.51 53.11 22.86

Pore Volume by BJH cc/g 0.090 0.111 0.025

pore radius by BJH nm 2.087 1.734 1.684

These phenomena can be correlated to the large pore volume of polymer E and its high
content of OH and COOH groups as a result of OP addition. Polymer E-MB has the smallest
pore volume and SA due to the adsorption of MB dye on the polymer surface. Furthermore,
the pore radius of polymer E was found to decrease from 1.734 nm to 1.684 nm in the
presence of MB; this can be attributed to the high adsorbed amount of MB, which indicated
the strong interaction between the OP and the PAA polymer [45,46,53].

3.1.5. SEM

Figure 5 shows the surface morphology of polymer F (5A), polymer E (5B), and
polymer E after adsorption of MB (E-MB) (5C) at three different magnification power (1, 3,
and 7 KX). Polymer F, comprising PAA only, showed a homogenous polymeric nature, as
shown in Figure 5A, whereas the addition of OP to PAA, Figure 5B, was found to increase
the surface area by increasing the pores and cavities in the polymeric matrix. The change in
textural properties and roughness of polymer E after the adsorption of MB, as shown in
Figure 5C, represented evidence of the accumulation of MB onto the bio-adsorbent surface.

3.2. Effect of OP Content

The effect of OP content on swelling and hydrogel adsorption capacity is presented in
Figure 6. It is clear that upon the addition of 0.5 g OP to PAA, Polymer D, qe was increased
compared to polymer F comprising PAA only. This can be attributed to the introduction of
OH and COOH groups from cellulose and pectin, respectively, that represented the main
components in OP, where –OH reacts with AA and increases the polymeric network [55,56].
The increase in the swelling capacity also participates in adsorption capacity enhancement
due to the increase in the surface area of the adsorbent [44,57,58].

Further increase in the content of OP, though, increases the adsorption capacity and
velocity of adsorption, but on the other hand, results in a decrease in the swelling efficiency.
This can be explained based on the increase in the number of –OH groups due to the
increase in cellulose content, which may act as a cross-linker upon reaction with AA
monomer increasing the polymer rigidity. However -COOH groups on the pectin surface
are capable of maintaining the adsorption capacity value stable and increasing the rate of
adsorption. According to OP content results, polymer E, comprising 6 mL AA and 2.0 g
OP, was selected as hydrogel adsorbent to complete the next adsorption experiments as it
showed the highest adsorption capacity among the prepared hydrogels.

3.3. Effect of pH

The variation of pH of the medium plays an important role in protonation and depro-
tonation not only of the MB but the hydrogel adsorbent itself due to its enriched content of
carboxylic and hydroxyl groups; thus, the effect of pH on adsorption of MB (100 mg/L) at
RT was investigated. In order to discuss the pH effect of MB adsorption, the pHPZC must be
determined where cationic dye adsorption is preferred at a pH higher than pHPZC [39,50],
as given in Figure 7. From experimental data, pHPZC values of PAA and polymer E were
found to be 2.6 and 2.5, respectively.
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Figure 5. SEM images of polymer F (A), Polymer E (B), and MB adsorbed on polymer E (C).

Figure 6. Effect of OP content on qe of both PAA and OP-PAA for MB adsorption. Experimental
conditions were: MB concentration 100 mg/L; adsorbent hydrogel dose 250 mg in 25 mL; pH 9 at RT.

151



Polymers 2023, 15, 277

Figure 7. Effect of pH on qe of both polymer F and polymer E for MB adsorption. Experimental
conditions were: MB concentration: 100 mg/L; h adsorbents hydrogel dose: 250 mg in 25 mL and RT.

The variation in qe was found to be relatively small at low pH and peaks at pH 7.0.
This can be attributed to the protonation of -COOH at low pH, where -H from HCl is bound
to the carboxylic group in acrylate. As the pH increases, COOH becomes deprotonated
and more COO- groups are generated and are available for reaction with MB [59]. On the
other hand, the increase in pH value results in an increase in the swelling ratio paired with
increased polymer surface area and more MB penetration. At pH higher than 7.0, the qe
was found to decrease due to the charge screening effect of sodium ions and competition
between sodium ions from NaOH and MB to interact with the carboxylate groups of the
polymer [60,61].

3.4. Effect of Temperature

The effect of temperature on adsorption is an important factor to be investigated in
order to have an insight into the adsorption thermodynamics parameters such as entropy
ΔS, enthalpy ΔH, and free energy ΔG. MB adsorption on PAA and OP-PAA adsorbent
hydrogel was found to decrease with a temperature increase from 30 to 60 ◦C, as shown
in Figure 8. Although the increase in temperature commonly causes swelling of internal
adsorbent construction and, in turn, increases the dye molecules penetration [62], it also
causes dye ions’ mobility to increase. This increase in ion mobility is associated with an
adsorption capacity decrease, which agrees with the behavior previously reported [63,64].

The change in entropy ΔS, enthalpy ΔH, and free energy ΔG was calculated by using
Equations (4)–(7) [65,66]:

Kd =
[A(s)]
[A(l)]

=
qe
Ce

(4)

ΔG = −RT ln Kd (5)

ΔG = ΔH − TΔS (6)
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ln(Kd) =
ΔS
R

− ΔH
RT

(7)

where Cf and Ci are the final and initial MB concentrations (mg/L), Kd, R, and T are the
equilibrium constant, the gas constant, and temperature (K), respectively.

Figure 8 represents the Van’t Hoff plot where ln Kd was plotted against 1/T. ΔS and
ΔH can be calculated from the Van’t Hoff plot using the intercept and slope. Table 3
shows the thermodynamic values; by increasing Temperature, ΔG values move to be a
positive value, which means that the MB adsorption process on the hydrogel adsorbent
is spontaneous [67,68]. ΔH and ΔS values are negative, as commonly associated with
exothermic processes, indicating a randomness decrease at the solid/liquid interface [69,70].

Figure 8. Effect of temperature and Van’t Hoff plot on qe of polymer F (A) and polymer E (B) for MB
adsorption. Experimental conditions were: MB concentration: 100 mg/L; adsorbents hydrogel dose
250 mg in 25 mL; pH 7.

Table 3. Polymers E and F thermodynamic parameters for MB adsorption.

Temperature Polymer E Polymer F

ΔG (KJmol−1)

30 ◦C −1.52 7.41

40 ◦C −0.67 7.71

50 ◦C −0.54 8.07

60 ◦C 0.40 8.59

ΔH (KJmol−1) −19.23 −4.34

ΔS (KJ−1mol−1) −58.64 −38.62

3.5. Adsorption Kinetics

In order to investigate the adsorption kinetics of OP-PAA and MB, the time effect on
adsorption capacities was studied. Figure 9 shows the relationship between time (min)
and polymer E and F adsorption capacities at a definite time (min) and qt (mg/g). It can
be noticed that, at the first 10 min, a rapid adsorption rate took place where about 84% of
MB was adsorbed by OP-PAA. Then, the rate of adsorption became slow until equilibrium
took place at 60 min with a removal ratio, RR, of about 92%). This can be attributed to the
presence of a large, uncovered absorbent surface area at the beginning of the experiment,
which decreased over time upon the start of MB adsorption and accumulation of the
adsorbent surface. On further increase in time for another hour, the RR value was found to
reach 94% and remained stable thereafter when tested up to 5 h.
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Figure 9. Effect of contact time on qt of both PAA and OP-PAA for MB adsorption. Experimental
conditions were: MB concentration 100 mg/L; adsorbents hydrogel dose 250 mg in 25 mL; pH 9 at RT.

On the other hand, on comparing with unmodified PAA as an adsorbent, RR values
were found to be 50% and 64% at 10 and 60 min, respectively, with no further increase.
Accordingly, it can be concluded that the addition of OP to PAA enhances the removal ratio
from 50% to 84% in the first ten min and increases the RR rate to 92% after one hr.

The adsorption kinetics were tested using both pseudo-first and pseudo-second-order
models [71].

The pseudo-first-order linear Equation (8) can be represented as [59]:

log
(
qe − qt

)
= log qe −

K1 t
2.303

(8)

while the pseudo-second-order linear Equation (9) can be indicated by [72]:

t
qt

=
1

K2 q2
e
+

t
qe

(9)

where qt (mg/g) and qe are the adsorption capacities at a definite time (min) and equilib-
rium, respectively, K1 (1/min) and K2 (g/mg min−1) are the rate constants of adsorption
for pseudo-first- and second-order, respectively.

The experimental data were used to plot log
(
qe − qt

)
and t/qt against t, as shown in

Figure 10, in order to calculate K1 and K2, and qe from the intercept and slope of the plots
as given in Table 4.
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Figure 10. Kinetics curves of pseudo-first-order and pseudo-second-order model. Experimental
conditions were, MB concentration 100 mg/L; adsorbents hydrogel dose 250 mg in 25 mL; pH 9; RT.

Table 4. Polymer E and F kinetic parameters for MB adsorption.

Pseudo-First-Order Pseudo-Second-Order

Parameters
K1

min−1
Cal qe

mg/g
Exp qe

mg/g
R1

2 K2

mg−1 min−1
Cal qe

mg/g
Exp qe

mg/g
R2

2

Polymer E −0.0013275 1.9 9.2 0.8692 0.09582068 9.4 9.2 0.9999
Polymer F −0.0016448 7.5 6.4 0.7384 0.03129885 6.8 6.4 0.9969

R2 of the pseudo-first-order model was found to be 0.739 and 0.869 for PAA and
OP-PAA, respectively, while the calculated qe were 7.5 and 1.9 mg/g for PAA and OP-PAA,
respectively. The previous result indicated that the pseudo-first-order model does not fit
with experimental data. In contrast, R2 for the pseudo-second-order model was found to
be 0.9969 and 0.9999 for PAA and OP-PAA, respectively, indicating better fitting to such a
model. Besides the R2 value being highly close to 1.0, the calculated qe was close enough
to the experimental qe; thus, based on the data shown in Table 4, it can be concluded
that the pseudo-second-order model is suitable to describe the adsorption of MB onto
OP-PAA hydrogel.

3.6. Adsorption Isotherms

The correlation between the initial concentration of MB (Ci) and the equilibrium
absorption capacity, qe, was studied, as shown in Figure 11. It was found that the increase in
Ci from 200 to 1800 mg/L led to a dramatic increase in qe from 135 to 1309 mg/g for polymer
F and from 317 to 1933 mg/g for polymer E. From this result, it can be concluded that the
addition of OP to PAA improves the adsorption efficiency of the adsorbent hydrogel.

Langmuir, Freundlich, and Temkin isotherm models were used to test the interaction
mechanism between MB and adsorbent hydrogel.
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Figure 11. Effect of initial MB concentration on both polymer F and polymer E for MB adsorption.
Experimental conditions were: adsorbents hydrogel dose 50 mg in 100 mL; pH 7, and RT.

The Langmuir linear Equation (10) form is [73]:

1
qe

=
1

qm
+

1
qmKL

1
Ce

(10)

The Freundlich linear Equation (11) form is [74]:

log qe = logKf +
1
n

logCe (11)

The Temkin linear Equation (12) form is [23]:

qe =
RT
b

ln(KTCe) (12)

where qm (mg/g) and qe represent the maximum and equilibrium adsorption capacities, re-
spectively. Ci (mg/L) is the initial dye concentration, while KL (L mg1), KF (mg1−1/n L1/n g−1),
and KT Lg−1 are the isotherm constants of Langmuir, Freundlich, and Temkin, respectively.

Figure 12 and Table 5 show the fitting curves of the tested isotherm models and
their parameters. The highest R2 value for polymer E was found to be related to the
Langmuir isotherm model (0.964) with a calculated qm close enough to the experimental qe.
Freundlich and Temkin’s models showed R2 of 0.932 and 0.873, respectively. This indicated
that the adsorption of MB on polymer E could be better described by Langmuir rather than
Freundlich and Temkin models.

On the other hand, R2 of Langmuir and Freundlich for polymer F were equal (0.95)
with negative sign qm when calculated using Langmuir models, which indicated that
MB adsorption on polymer F follows Freundlich rather than Langmuir’s model. Further-
more, the Temkin model showed a good R2 value (0.929) and can be used to describe the
adsorption of MB on polymer F.

3.7. Desorption of MB

In order to study the regeneration and reusability of the OP-PAA, the polymers bound
to MB were separated by centrifugation, then washed by DW to get rid of any unabsorbed
MB dye. A total of 2.0 g of the separated adsorbent were incubated in 25 mL DW of
different pH values for 1 h at RT. Desorption studies play a role in understanding the
adsorption mechanism.

It is noteworthy to mention that if the MB adsorbed on the hydrogel adsorbent can
be removed by DW, this means that the attraction between MB and hydrogel adsorbent is
very weak. On the other hand, if the attraction between MB and hydrogel adsorbent can be
destroyed by an acid such as HCl, this indicates that the mechanism can be correlated more
to electrostatic attraction or ion exchange [50].
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Figure 12. Isotherm model plots of both polymer F and E for MB adsorption. Experimental conditions
were: adsorbents hydrogel dose 50 mg in 100 mL; pH 7, at RT.

Table 5. Polymers E and F isotherm parameters for MB adsorption at 25 ◦C.

Parameters Unit Polymer E Polymer F

Langmuir model
qm mg/g 1892 −4379
KL L/mg 0.00482 −0.00024
R2 0.964 0.953

Freundlich model
1/n 0.5485 0.9357
Kf 45.3 1.78
R2 0.932 0.950

Temkin model
BT J/mol 469 489
KT L/gm 0.0383 0.0086
R2 0.873 0.929

The experimental results showed the occurrence of no desorption of MB from the
hydrogel adsorbent at pH ranging from three to nine, while efficient removal of MB was
attained at pH 2, as represented in Figure 13. Desorption at pH 2 can be correlated to the
low value of pHPZC of the hydrogel adsorbent and indicated that the MB was attached to
the hydrogel adsorbent via electrostatic attraction rather than surface adsorption.

The desorbed OP-PAA hydrogel reusability was tested, and it was found to retain its
efficiency in terms of absorption capacity without any change for not less than ten times of
usage and desorption, which indicated the usability of the hydrogel polymer after simple
treatment with HCl.
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Figure 13. Adsorption and Desorption of MB from Polymer E at different pH (2–9). Experimental
conditions were: adsorbents hydrogel dose: 2.0 g in 25 mL for 1 h at RT.

4. Conclusions

In this work, a simple approach for the removal of cationic dye based on the com-
bination of poly acrylic acid (PAA) as a sorbent hydrogel in the presence of Orange peel
(OP) as a natural modifier to improve the removal of the MB (as a model cationic dye) is
reported. MB adsorption by OP-PAA and PAA was found to be affected by the amount
of OP, initial pH value, reaction temperature, and initial dye concentration. The addition
of OP to PAA was found to enhance the adsorption capacity of PAA and accelerate the
adsorption process. qe of both polymer E and F adsorbent hydrogels were optimized at
pH 7, and RT temperature increases were found to have a negative effect on qe. The max
adsorption capacity of polymer E was calculated by the Langmuir isotherm to be equal to
1892 mg/g.

Comparison of the adsorption parameters of OP-PAA hydrogel adsorbent, presented
in this work and other previously reported dyes’ adsorbents given in Table 6 [75–82],
indicated that the presented adsorbent is not only an inexpensive and cost-effective, green
and recyclable but was found to be more effective and fast acting for dye removal, where
84% of the adsorption was attained in 10 min without any need for stirring. The desorption
process of MB, as a model cationic molecule, from OP-PAA hydrogel adsorbent was found
to efficiently take place at pH 2.0 indicating that MB interaction with the hydrogel adsorbent
took place via electrostatic attraction rather than surface adsorption which indicates the
efficient ability of the hydrogel to retain the adsorbed dye particles. Furthermore, the
prepared OP-PAA adsorbent hydrogel was found to be regenerable using HCl at pH 2 and
retained its efficiency after several adsorption/desorption cycles, which indicated that the
presented OP-PAA adsorbent hydrogel is a promising cost-effective, and efficient, reusable
eco-friendly adsorbent for water treatment, from cationic moieties that can either be dyes
or heavy metal ions.
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Table 6. Comparison between OP-PAA and some other previously reported dyes’ adsorbents.

Adsorbent Dye qm mg/g RR% Time Ref

Tragacanth gum and
carboxyl-functionalized

carbon nanotube
Methylene blue 1092 80.0 40 min [75]

Sludge Direct red 28 1.25 — 100 min [76]

Haloxylon recurvum stem Acid brown
354 6.87 81.0 50 min [77]

Coconut Shell (Activated carbon) Crystal violet 44.00 99.6 24 h [78]

Orange peel Methylene blue — 95.7 24 h [54]

Spent tea leave Methylene blue — 99.0 24 h [54]

Rattan sawdust Methylene blue 359.00 — 480 min [79]

Acacia nilotica sawdust Methylene blue 46.95 99.9 60 min [80]

Starch-g-poly (acrylic acid) Methylene blue 1532 —- 30 min [81]

Gum ghatti-g-poly(acrylic acid) Methylene blue 909 99 75 min [82]

Orange peel poly (Acrylic acid) Methylene blue 1892 84.0 10 min This
work
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Abstract: We investigated the influence of two fillers—CB (carbon black) and silica—on the H2

permeation of EPDM polymers crosslinked with sulfur in the pressure ranges 1.2–90 MPa. H2

uptake in the CB-blended EPDM revealed dual sorption (Henry’s law and Langmuir model) when
exposed to pressure. This phenomenon indicates that H2 uptake is determined by the polymer
chain and filler-surface absorption characteristics. Moreover, single sorption characteristics for neat
and silica-blended EPDM specimens obey Henry’s law, indicating that H2 uptake is dominated by
polymer chain absorption. The pressure-dependent diffusivity for the CB-filled EPDM is explained
by Knudsen and bulk diffusion, divided at the critical pressure region. The neat and silica-blended
EPDM specimens revealed that bulk diffusion behaviors decrease with decreasing pressure. The H2

diffusivities in CB-filled EPDM composites decrease because the impermeable filler increases the
tortuosity in the polymer and causes filler–polymer interactions; the linear decrease in diffusivity in
silica-blended EPDM was attributed to an increase in the tortuosity. Good correlations of permeability
with density and tensile strength were observed. From the investigated relationships, it is possible to
select EPDM candidates with the lowest H2-permeation properties as seal materials to prevent gas
leakage under high pressure in H2-refueling stations.

Keywords: carbon black; silica; H2 uptake; diffusion; permeation; density; dispersion

1. Introduction

The fundamental properties of rubbery polymers can be improved by blending fillers.
Fillers in polymer composites achieve multiple purposes, the most important including
reinforcement, improvement in processing, diffusing molecule impermeability, an increase in
oil resistance, and a reduction in material cost [1–7]. The rubber industry uses a wide range of
fillers because of their merits in rubber compounding. In particular, carbon black (CB) filler
compounding with rubber enhances the mechanical properties of rubber composites, such as
hardness, tear strength, tensile strength, modulus, and abrasive strength [8–10]. The size and
surface area of CB filler particles are important factors affecting reinforcements in rubbers [11].
Furthermore, the reinforcement originates from filler–filler and rubber–filler interactions.

Among nonblack fillers, silica filler provides unique strength characteristics that
enhance the abrasion resistance, tear strength, aging resistance, and adhesion properties
of rubber [12,13]. Precipitated silica provides the highest degree of reinforcement. Silane
coupling agents enhance the chemical compatibilities of silica fillers with the rubber matrix
for more efficient reinforcement [14–16].
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Several studies have reported the influence of filler loading on gas transport properties
in polymers, which is associated with the consecutive processes of sorption, diffusion, and
desorption in the polymer membrane; these processes determine the solubility, diffusion co-
efficient, and permeation coefficient. The diffusion characteristics of ethyl p-aminobenzoate
for silicone rubber membranes containing various amounts of fumed silica filler with high
surface areas were described [17]. Increased filler loading results in a decrease in the
transmission rate but this apparent diffusivity decreases drastically due to the adsorption
of the permeant at the filler. This result is attributed to the adsorption of permeant at the
filler surface.

Ordobina et al. [18] reported that crosslinked filler particles in poly(butyl methacrylate)
latex films can either enhance or delay the diffusion rate. The effect of soft filler particles on
polymer diffusion is a combination of an obstacle effect, delaying polymer diffusion, and
a second effect, probably a free-volume effect that promotes polymer diffusion. The change in
the diffusion properties of the polymer membrane by the presence of fillers is associated with
the fact that polymer chains near a filler surface have different properties than those in the
bulk state. This phenomenon occurs due to the chain conformational changes attributed to
the presence of a boundary and interaction between the polymer and the filler.

Moreover, the filler effect on the mechanical properties of natural rubber blended with
different CB contents have been investigated. Tensile strength and hardness increased with
the addition of CB. When the size of the CB particles was small, it formed a significant
interaction with the natural rubber matrix [19]. The decrease in the molecular size of the
CB filler generally improved the mechanical properties [20]. When the CB filler entered the
rubber, the flexibility of the rubber chain decreased, resulting in a more rigid vulcanizate.
This rigidity originates from filler–filler and rubber–filler interactions, occurring at various
length scales due to the CB structure [21–23].

According to a previous investigation into filler influence [24], the N2 surface area
of CB slightly affected H2 permeation in filled EPDM and obviously influenced the H2
diffusion coefficient and solubility. The CB-filled EPDM showed a decreased diffusivity,
and its solubility increased with increasing N2 surface area because the H2 molecules were
adsorbed by the CB participate in diffusion. H2 solubility in the filled EPDM is further
influenced by the filler surface area and the interfacial structure between the filler and the
polymer network. Similar studies of the filler effects on H2 permeability were systematically
conducted for nitrile butadiene rubber (NBR) [25] and EPDM [26] composites. In these
studies, the contents of different fillers varied up to 60 phr. The CB and silica fillers
were found to decrease H2 diffusivity and permeation and H2 solubility and diffusivity
depended on the filler type.

Based on previous investigations, the present study contains an EPDM composite com-
monly used as an O-ring in gas seals under high pressure up to 90 MPa at H2-refueling
stations [27]. The study is associated with the H2 transport properties of sulfur-crosslinked
EPDM blended with CB and silica fillers. By investigating the influence of filler loadings on
H2 gas permeability in these composites, we reveal the related sorption, diffusion phenomena,
and the filler-induced permeation properties of the composites. The H2 permeation charac-
teristics of the polymer compounds were measured precisely using a modified volumetric
analysis technique (VAT) and a diffusion analysis algorithm [28,29]. The H2 uptakes, solubili-
ties, diffusion coefficients, and permeabilities of the EPDM composites blended with three
filler types were investigated regarding exposure pressure, filler contents, and filler types.
The aims of this study were to determine the pressure-dependent H2 sorption and diffusion
mechanisms, to find possible correlations between the compositions and bulk properties of the
materials, and to identify the dominant effects of permeation in the filled EPDM composites.

2. Materials and Methods

2.1. Sample Composition

Table 1 shows the formulations of the EPDM compounds: one neat EPDM without
filler, six EPDM specimens with CB filler, and three EPDM specimens with silica filler. Two
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types of CB filler were used—a high abrasion furnace (HAF) CB and a semi-reinforcing
furnace (SRF) CB—with particle sizes of 32 and 65 nm, respectively, and specific surface
areas of 76 and 30 m2/g, respectively. The specific surface area of silica was 175 m2/g.
The EPDM composites blended with filler are designated EPDM HAFa, EPDM SRFb, and
EPDM Sc; a, b, and c denote the parts per hundred rubber components (phr) of HAF, SRF,
and silica, respectively. For instance, EPDM HAF20 represents EPDM blended with HAF
CB with 20 phr. Sulfur with 1.5 phr is used as a crosslinking agent. The compounding
method for EPDM rubber is detailed in the literature [26].

Table 1. Chemical compositions of sulfur-crosslinked EPDM rubber composites filled with HAF CB,
SRF CB, and S fillers.

Composites EPDM ZnO St/A
HAF
N330

SRF
N774

Silica
S-175

Si-69 PEG S TBBS MBT

Neat EPDM 100 3.0 1.0 1.5 1.0 0.5
EPDM HAF 20 100 3.0 1.0 20 1.5 1.0 0.5
EPDM HAF 40 100 3.0 1.0 40 1.5 1.0 0.5
EPDM HAF 60 100 3.0 1.0 60 1.5 1.0 0.5
EPDM SRF 20 100 3.0 1.0 20 1.5 1.0 0.5
EPDM SRF 40 100 3.0 1.0 40 1.5 1.0 0.5
EPDM SRF 60 100 3.0 1.0 60 1.5 1.0 0.5

EPDM
S 20 100 3.0 1.0 20 1.6 0.8 1.5 1.0 0.5

EPDM
S 40 100 3.0 1.0 40 3.2 1.6 1.5 1.0 0.5

EPDM
S 60 100 3.0 1.0 60 4.8 2.4 1.5 1.0 0.5

2.2. Exposure to H2 Gas

The high-pressure chamber and purge conditions used in this work are described else-
where [29]. Cylindrical rubber samples with diameters of 13 mm and thicknesses of 3 mm
were exposed to hydrogen gas for more than 20 h at pressures ranging from 1.2 to 90 MPa.
After exposure to high-pressure H2, the chamber valve was opened to emit the H2 gas. After
decompression, a specimen was loaded into a graduated cylinder. The amount of H2 gas
released during the lag time was determined by measuring the offset value using a diffusion
analysis program [29].

2.3. Transmission Electron Microscopy

The microstructures of the EPDM specimens were investigated with a combination of
focused ion beam (FIB) and transmission electron microscopy (TEM). Thin foil samples for
TEM image observation were prepared with an FIB. The morphology, distribution, and size
characteristics of the CB filler particles in EPDM were observed with a transmission electron
microscope (TECNAI F20, FEI company, Hillsboro, OR, USA) operating at an accelerating
voltage of 200 kV.

3. Measurement Method and Diffusion Analysis Program

3.1. Volumetric Measurement for Emitting H2

The volumetric measurement utilized the graduated cylinders in which the emitted H2
from the specimen was collected and measured. After exposure in the high-pressure cham-
ber and subsequent decompression, the samples were obtained. The samples were loaded
into their corresponding gas cell spaces at the top of the graduated cylinder. The details for
the method are comprehensively described elsewhere [28,29].

To obtain the increased number of moles (Δn) due to the hydrogen gas released in
the graduated cylinder, we measured the volume increase (ΔV); that is, we measured the
reduction in the water level in the cylinder as follows [29]:

Δn =
(Po − ρgh)ΔV

RT
(1)
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where ρ is the distilled water density, g is the gravitational acceleration, h is the height
(vertical position) of the water level in the cylinder measured from the water level in the
corresponding water container, and P0 is the atmospheric pressure outside the cylinder.

The Δn in the cylinder is converted to the mass concentration [C(t)] of H2 released
from the rubber sample:

C(t)[wtppm] = Δn[mol]× mH2
[ g

mol

]
msample[g]

× 106 (2)

where mH2 [g/mol] is the H2 molar mass, which is equal to 2.016 g/mol and msample is the
sample mass.

3.2. Diffusion Analysis Program

Assuming that H2 desorption is a Fickian diffusion process, the concentration CE(t) of
the emitted H2 is computed as follows [30,31]:

CE(t)
C∞

= 1 − 32
π2 ×

⎡
⎣ ∞

∑
n=0

exp
{

−(2n+1)2π2Dt
l2

}
(2n+1)2

⎤
⎦×

⎡
⎣ ∞

∑
n=1

exp
{
− Dβ2

nt
ρ2

}
β2

n

⎤
⎦

= 1

− 32
π2 ×

⎡
⎣ exp

(
− π2Dt

l2

)
12 +

exp
(
− 32π2Dt

l2

)
32 + . . . ,+

exp
(
− (2n+1)2π2Dt

l2

)
(2n+1)2 + . . . ,

⎤
⎦

×
⎡
⎣ exp

(
− Dβ2

1t

ρ2

)
β2

1
+

exp
(
− Dβ2

2t

ρ2

)
β2

2
+ . . . ,+

exp
(
− Dβ2

nt
ρ2

)
β2

n
+ . . . ,

⎤
⎦

(3)

where βn is the root of the zeroth order Bessel function J0(βn) with β1 = 2.40483, β2 = 5.52008,
β3 = 8.65373, . . . , β50 = 156.295. Equation (3) is an infinite series expansion with two sum-
mations. This equation is a solution for Fick’s second diffusion equation for a cylindrical-
shaped sample. In this study, CE = 0 at t = 0 and CE = C∞ at t = ∞. C∞ is the saturated H2
concentration at infinity, i.e., the H2 uptake. D is the diffusion coefficient, and l and ρ are
the thickness and radius of the cylindrical specimen, respectively.

The derivative at t = 0, ( dCE(t=0)
dt ), of two summations in Equation (3) is −∞. This

finding implies that the initial H2 emission rate is extremely fast; it originates from the
distribution difference of H2 caused by the discontinuous pressure difference between
the high pressure inside the specimen and the atmosphere outside the specimen after
decompression. This result means that, according to Equation (3), there is a possibility of
showing different evolution characteristics with time just after decompression.

Because Equation (3) has two infinite terms, we estimate that the finite number of terms
(n) in the actual calculation of the two summations should be contained to obtain D and C∞.
Thus, we calculate the contributions in two summations of Equation (3), reaching n = 50 terms
with three different times t. Figure 1 shows the normalized and calculated product of two
summations versus n at three different times (t = 1 s, 100 s, and 10,000 s) at fixed parameters
of l = 3.0 mm, ρ = 6.5 mm, and D = 2 × 10−10 m2/s. With increasing n up to 50, the products
of the two summations for all t = 1 s, 100 s, and 10,000 s converge to 1 (the value when n is
infinite). The horizontal red line in Figure 1 corresponds to a 0.98 value of converged value 1.
The corresponding n-term value on the x-axis exceeds 0.98 on the y-axis, for which n should
be contained in two summations as nearly equal to the converged value of 1. Thus, a, b,
and c, which are obtained from the intersection between the 98% line and the product of
two summations (data on y-axis), indicate the minimum number of terms, n, to be included
in the summations; these values correspond to 2 at t = 10,000 s, 8 at t = 100 s, and 17 at
t = 1 s, respectively, in n. When t is sufficiently greater than 10,000 s, the two terms of the
two summations in Equation (3) mainly contribute to the CE(t) value. However, if t is less
than t = 100 s, Equation (3) cannot easily converge, and eight more n terms are needed, as
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shown by arrow b in Figure 1. For the calculation with an uncertainty less than 2% using
Equation (3), we should include many terms that are greater than the n = 64 terms (8 × 8)
in the product of the two summations at t = 100 s. Thus, a dedicated calculation program is
needed. We developed a diffusion analysis program to calculate D and C∞, including up to
n = 100 terms of the first summation and n = 50 terms of the second summation, reaching β50
in Equation (3) for covering small time values, t = 1 s.

 
Figure 1. Product of two summations vs. n at different times.

Figure 2 shows the overall flowchart of the diffusion analysis program developed to
analyze the CE(t) data using Equation (3) by a Nelder–Mead simplex nonlinear optimiza-
tion algorithm [32]. As a result of the application of the developed program, the solubility,
diffusivity, and permeability were finally obtained in a rubber composite system. The con-
tents indicated by the blue color in Figure 2 are related to the selection of the solution to
the diffusion equation of Equation (3); for this equation, we chose an appropriate diffusion
model corresponding to the rubber shape and the number of superposition models.

The D and C∞ for EPDM composites were determined by utilizing a diffusion analysis
program based on Figures 1 and 2. An example application for the analysis program and
the detailed procedure were already described in the previous literature [29]. The method
of restoring H2 content using the diffusion analysis program is regarded as a novel aspect
of our research. The precise measurement of H2 content, in particular, is possible as
a result of including up to n = 100 terms in the summations with the help of the diffusion
analysis program.
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Figure 2. Flowchart for analyzing the diffusion data set for various types of rubbers via the Nelder–
Mead simplex nonlinear optimization method.

4. Results and Discussion

4.1. TEM

Figure 3a–d shows the TEM micrographs of EPDM HAF20 and SRF20 filled with a CB
content of 20 phr. Homogenous distributions of CB in the rubber matrix are observed
in Figure 3a–c. As shown in Figure 3d, a large agglomeration of SRF CB occurs in the
EPDM composite with a concentration of 20 phr. The CB filler shapes and distributions are
identifiable in the visible TEM image exhibiting the CB filler particles on the rubber matrix.
EPDM HAF20 and SRF20 exhibit spherical island shapes with polarized particle sizes of
approximately 32 and 65 nm, respectively. The CB particles are distributed as partially
condensed aggregates. The aspect ratio is defined by the ratios of the horizontal lengths to
the vertical lengths of the particles. For EPDM HAF20 and SRF20 specimens with spherical
shapes, the aspect ratios are 1.

Moreover, well-dispersed filler particles with small particle sizes on average, such
as HAF CB filler, lead to similar results as filler particles with a high filler surface area
and strong interactions with the polymer, thus affecting the gas diffusion and permeation
processes. In HAF CB-filled EPDM composites crosslinked with sulfur, we measured the
degree of filler dispersion according to the testing method (ASTM D7723). The measured
dispersion degrees for two EPDM HAF20 and HAF60 were determined to be 98%; thus,
these specimens are regarded as well-dispersed fillers in the rubber network. We did
not find any remarkable differences in the dispersion degrees for samples with different
filler contents.
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Figure 3. TEM image showing CB particles and aggregates in the CB-filled EPDM composite with
(a,b) HAF20, and (c,d) SRF20. (a,b) were taken at different parts of the EPDM HAF20 specimen.
(c,d) were taken at different parts of the EPDM SRF20 specimen.

4.2. Filler Effects on H2 Uptake

The time evolution characteristics of H2 emission after decompression at pressures
ranging from 1.2 to 90 MPa were measured in ten EPDM composites blended with CB and
silica, and in neat EPDM. Figure 4 shows a plot of H2 uptake versus the elapsed time in ten
EPDM rubbers after hydrogen exposure at 8.9 MPa for 20 h. The prominent characteristic
is the increase in hydrogen uptake in CB-filled EPDM composites relative to that in neat
EPDM. This phenomenon is attributed to H2 adsorption due to the presence of the CB filler.
Increasing the HAF CB content in the HAF CB-filled EPDM composites increased the H2
emission content. The filler effect on the SRF CB-filled EPDM composites is similar to that
of HAF CB-filled EPDM. The slight increase in H2 uptake for HAF CB-filled EPDM might
be explained by the larger specific surface areas of the HAF CB filler compared with those
of the SRF CB filler. In the silica-filled EPDM composites, the variation in H2 uptake with
silica filler content is not obviously different from that of the neat EPDM polymer. This
result implies that hydrogen is not adsorbed at the silica filler surface.

We measured the hydrogen emission content as a function of exposed pressure for
nine EPDM composites blended with fillers and one neat EPDM. Figure 5 shows a plot of
the representative hydrogen uptake data versus the pressure for four EPDM composites.
Panels (a), (b), (c), and (d) of this figure display the pressure behaviors of H2 uptake with
neat EPDM, EPDM composites compounded with silica filler, EPDM HAF40, and EPDM
SRF40, respectively. All EPDM composites blended with HAF CB and SRF CB fillers
reveal similar uptake behaviors versus pressure. To avoid redundancy, we only present the
representative hydrogen uptake data for two CB-filled EPDM composites.
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Figure 4. H2 uptake characteristics of the (a) EPDM HAF, (b) EPDM SRF, and (c) EPDM S series
after hydrogen exposure at 8.9 MPa for 20 h and decompression. The solid lines are the least-squares
fittings of Equation (3) using the diffusion analysis program. The results of neat EPDM are included
in three panels for comparison with the EPDM composites blended with fillers.

The H2 uptakes (C∞) of neat EPDM and EPDM S20 (Figure 5a,b) are proportional
to pressures reaching 90 MPa, which is in accordance with Henry’s Law [33,34]. This
behavior is responsible for the absorption of H2 into the polymer matrix. However, as
shown in Figure 5c,d, the hydrogen uptakes for EPDM HAF40 and SRF40 deviate from
Henry’s law at pressures above 15 MPa; this phenomenon is attributed to the adsorbed
hydrogen at the surface of the CB filter. Thus, dual sorption is observed for all CB-blended
EPDM composites. The dual mode sorption behaviors that cover the overall pressure range
reaching 90 MPa are introduced as follows:

C∞ = kP +
abP

1 + bP
(4)

where C∞ is the total H2 gas uptake. The first term indicates Henry’s law with the Henry’s
law coefficient k. The second term presents the Langmuir model [35,36], where a is the
maximum adsorption quantity (or capacity parameter) and b is the adsorption equilibrium
constant (or the Langmuir hole affinity parameter). The fitting results of the H2 uptake
characteristics according to Equation (4) are summarized in Table 2.
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Figure 5. Relationship between H2 uptake (C∞) and exposure pressure for (a) neat EPDM, (b) EPDM
S series, (c) EPDM HAF40, and (d) EPDM SRF40. The blue and black lines represent the Henry fit
and the dual mode (Henry–Langmuir) fit, respectively. The legends show the linear least-squares
fitting plots and their squared correlation coefficients (R2).

Table 2. Fitting results of the sorption model for neat EPDM and EPDM rubber composites filled
with HAF CB, SRF CB, and S fillers according to Equation (4).

Composites k a B R2 Langmuir Contribution (%)

Neat EPDM 23.6 0 0 0.98 0
EPDM HAF20 17.8 909 0.0315 0.99 18
EPDM HAF40 16.8 1314 0.0344 0.99 25
EPDM HAF60 5.18 1367 0.0547 0.98 55
EPDM SRF20 18.6 502 0.0498 0.99 14
EPDM SRF40 18.5 858 0.0428 0.99 21
EPDM SRF60 18.0 1528 0.0294 0.99 32

EPDM S20 23.9 0 0 0.98 0

The Langmuir contribution is obtained with respect to total hydrogen uptake, which
is the uptake sum of Henry and Langmuir contributions. The Langmuir contribution
indicates that the adsorption quantity of hydrogen increases with increasing filler content,
as shown in Figure 6. The deviations from linearity above 60 phr for CB-filled EPDM
composites indicate an abrupt increase in hydrogen adsorption; this phenomenon may be
caused by the formation of hydrogen path channels and thus lead to a percolation effect by
many fillers.
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Figure 6. Langmuir contribution versus filler content for CB-filled EPDM composites.

Langmuir sorption is related to the porous solids in the gas–polymer system. The Lang-
muir sorption site in a glassy polymer corresponds to holes or microvoids that arise due to
the nonequilibrium nature of glassy polymers. A gas sorption isotherm in a glassy polymer
below the glass transition temperature (Tg) generally depends on the pressure exposure. This
behavior is characteristic of dual-mode sorption with Henry’s law absorption in an equilib-
rium state and Langmuir adsorption in a nonequilibrium state [37]. The nonequilibrium state
is directly related to the excess free volume or unrelaxed free volume in a glassy polymer [38].
Bondar et al. [39] confirmed the validity of dual mode behaviors. Therefore, the dual mode
sorption model for gas sorption in glassy polymers is an effective method for investigation.

However, Jung et al. [25] demonstrated that, for HAF CB-filled NBR, the experimental
data at the rubbery phase polymer show dual mode sorption due to the presence of porous
HAF CB filler. H2 molecules are absorbed by rubbery NBR and are simultaneously adsorbed
by porous filler, leading to dual mode sorption similar to that at the glass phase. Thus, the
porous HAF CB filler in the NBR composite corresponds to the robust void structure in
the glass phase polymer. The solubility result in HAF CB-filled NBR supports the dual
sorption behavior.

4.3. Filler Effects on H2 Diffusion

Similar to the pressure-dependent H2 uptake, the H2 diffusivities of the neat EPDM
and nine filled EPDM composites were measured as functions of exposed pressure. The H2
diffusivities of neat EPDM and the EPDM composites blended with fillers apparently
depend on the exposed pressure. The pressure dependence of the diffusion coefficient is
related to the decrease in the mean free path of H2, the increased tortuosity caused by the
impermeable filler in the rubber networks and the increased interactions between the filler
and the rubber.

All EPDM composites blended with HAF CB and SRF CB fillers revealed similar
diffusion behaviors versus pressure. To avoid redundancy, the representative pressure-
dependent diffusion for EPDM HAF20 and SRF20, as shown in Figure 7a,b, respectively,
can be divided into two contributions at the peak, as indicated by arrows. The contributions
correspond to Knudsen diffusion for low pressure and bulk diffusion for high pressure.
The pressure-dependent behavior for diffusivity is interpreted by the results of Knudsen
diffusion below 7–10 MPa, and bulk diffusion above this pressure range; this combined
diffusion was observed and analyzed by fractal theory in other studies [40,41]. Knudsen
diffusion gradually increases with increasing pressure. Knudsen diffusion below the
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pressure range normally occurs when there is a large mean free path of diffusing gas
molecules or a low gas density. The Knudsen diffusion coefficient (DK, pm) in porous media
is expressed as follows [42]:

DK,pm =
∅

τ
DK =

∅

τ

dc

3
υ (5)

where φ is the pressure-dependent porosity, τ is the tortuosity caused by introducing the
filler, dc is the pore diameter, and υ is the average molecular velocity derived from the
kinetic theory of gases.

 

 

Figure 7. H2 diffusivity versus exposed pressure in (a) EPDM HAF20, (b) EPDM SRF20, (c) neat
EPDM, and (d) EPDM S20. The blue lines indicate Knudsen diffusion fitted by Equation (5). The black
lines indicate bulk diffusion fitted by Equation (6). The arrows in (a,b) indicate the intersecting
regions of Knudsen and bulk diffusion.

Moreover, the bulk diffusion for neat EPDM (Figure 7c) and EPDM S20 (Figure 7d),
and the bulk diffusion above a critical pressure of 7–10 MPa for CB-filled EPDM composites,
are inversely proportional to pressure; this phenomenon is associated with the mean free
path between the H2 molecules. Bulk diffusion is predominant when the mean free path
(λ) in large pores is smaller than the pore diameters, or when high-pressure gas diffusion
occurs. The bulk diffusion coefficient (DB) is expressed as follows [43]:

DB =
1
3

λυ =
1
3

5
8

μ

P

√
RTπ

2M
υ (6)
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where μ is the viscosity of the diffusion molecule in units of kg m/s and P is the pres-
sure. The factor 5/8 considers the Maxwell–Boltzmann distribution of molecular ve-
locity. The experimental results of the diffusivity shown in Figure 7 are fitted by both
Equations (5) and (6), as indicated by the blue and black lines, respectively. In the region
of Knudsen diffusion, the diffusion coefficient is proportional to the pressure; this phe-
nomenon may be caused by an increase in the porosity in Equation (5) due to an increase in
the pressure. The decrease in the bulk diffusion coefficient is attributed to a decrease in the
mean free path with increasing pressure.

Regarding the H2 sorption and diffusion mechanism, we again justify the hydrogen
sorption (diffusion) mechanism considering the role of CB. According to the hydrogen
uptake data shown in Figure 5, the hydrogen sorption mechanisms in the EPDM composites
blended with CBs (HAF and SRF) revealed two types of sorption (or diffusion): fast
diffusion due to the hydrogen absorbed in the polymer network and slow diffusion due to
the hydrogen physically adsorbed at the CB filler interface. In other words, the sorption (or
diffusion) mechanism in CB-filled EPDM represents dual sorption (or diffusion) behaviors.
In this study, the sorption and desorption processes of most H2 are reversible; this finding
may be attributed to physisorption rather than chemisorption by penetrated H2.

However, a single hydrogen sorption (or diffusion) behavior in silica-filled EPDM is
observed only with a fast-diffusing polymer network. The single-mode behavior is also
shown in neat EPDM due to fast H2 sorption for the polymer network. Hydrogen in the
silica-filled EPDM was not adsorbed at the interface between the silica and rubber. This
finding indicates that hydrogen sorption in silica or at the interface between silica and the
rubber matrix did not occur. Thus, as shown in the H2 uptake characteristics (Figure 5)
for silica-filled EPDM specimens, the value (uptake) for silica-filled EPDM composites is
nearly identical to that for neat EPDM. The result for CB-filled EPDM composites indicates
that the fast component shows the permeation characteristics of H2 absorbed onto the
parent component of the rubber (Henry’s law); the slow component shows the permeation
characteristics of H2 adsorbed by the filler (Langmuir law).

Figure 8a–c shows the variations in the diffusivity characteristics with the filler content
at the three different pressures of 1.2 MPa, 8.9 MPa, and 90 MPa, respectively. At a low
pressure of 1.2 MPa, all fillers extend the diffusion path due to increased tortuosity by
the impermeable filler, resulting in a decrease in the diffusion rate. The diffusivity in the
silica-blended EPDM is negative and it decreases linearly with increasing filler content;
the diffusivity in the CB-blended EPDM decreases in the form of an asymptotic line
(~1/filler content). At the low pressure of 1.2 MPa, the decrease in diffusivity of the CB-
blended EPDM is larger than that of the silica-blended EPDM; this phenomenon is expected
and possibly related to the additional filler–polymer interactions. However, with the
increasing pressure reaching 90 MPa, the filler effect on diffusion decreases; the diffusivity
characteristics for all specimens converge at values of approximately 2 × 10−10 m2/s.

Two general models [18] are employed to explain the change in diffusivity by the
presence of filler particles. These models differ in their descriptions of the interactions
between filler particles and the polymer matrix. One model is based on the concept of
free volume. Free volume ascribes the change in diffusivity to an increase or decrease in
the microscopic friction coefficient of the diffusing species. This change is responsible for
the influence of the filler surface on the mobilities of diffusing molecules in the vicinity of
the filler particles through filler–polymer interactions. The second model is an obstacle
model. Obstacles apparently decrease the diffusivity by increasing the tortuosity of the
diffusion path or by creating bottlenecks without affecting the friction experienced by the
diffusing species. A change in free volume can increase or decrease the polymer diffusivity;
the presence of obstacles always decreases the polymer diffusivity. As shown in Figure 8a,
the diffusivity for silica-filled EPDM is responsible for the tortuosity of the diffusion path
by introducing filler (second model). Moreover, the diffusivity for CB-filled EPDM is
attributed to both polymer–filler interactions and tortuosity (first and second model).
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Figure 8. Diffusivity versus filler content at exposure to pressure of (a) 1.2 MPa, (b) 8.9 MPa, and
(c) 90 MPa in EPDM composites blended with CB and silica. The pink line in (a) is fitted with
a negative linear relationship between the diffusivity and the filler content. The black line in (a) is
fitted with a linear relationship between the diffusivity and the reciprocal filler content. R2 is squared
correlation coefficients of fitting.

4.4. Correlations of Permeation with Density and Tensile Strength

The permeation P was determined by multiplying the solubility S by the diffusion
coefficient D, i.e., P = SD. Figure 9a,b shows the permeability variations with density
and tensile strength, respectively, for neat EPDM and blended EPDM polymer compos-
ites. The trends are similar to those of diffusivity at 1.2 MPa (Figure 8a), implying that
permeation is predominantly affected by diffusivity rather than by solubility.
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Figure 9. Correlations between permeability and (a) density and (b) tensile strength for neat EPDM
and EPDM composites blended with CB/silica. The data for neat EPDM are included as pink and
black curves for consistency with the fittings of the filler-blended EPDM composites. The value in
parentheses indicates the phr of CB and silica. R2 is squared correlation coefficients of fitting.

As shown in Figure 9a, the negative linear relationship (density) between permeability
and density for silica-blended EPDM composites indicates a smooth decrease in permeation
with increasing density, without introducing other interactions or additional parameters.
However, the density effect on the permeability for CB-blended EPDM composites is in-
versely proportional to the filler content, i.e., ~1/density. The magnitude of the effects for
the CB-blended EPDM composites is larger than that for the silica-blended EPDM compos-
ites. This result again implies an additional effect; that is, the polymer–filler interaction
for CB-blended EPDM composites may originate the permeability behavior, as already
shown in the pressure-dependent effect on diffusivity at 1.2 MPa. A similar behavior for
the density influence on permeability was found in polyethylene gas permeability inves-
tigations with different permeants [44,45]. The decrease in permeability in polyethylene
with increasing density is attributed to the volume dilution of the amorphous fraction by
the relatively impermeable crystalline phase.

Moreover, the permeability changes with tensile strength shown in Figure 9b ex-
hibit identical behaviors to the permeability changes with density, as shown in Figure 9a.
The two trends may be closely related to the same origin. From the investigated relation
function for physical and mechanical properties, we provide a possibility for predicting the
H2-permeation properties of compounded EPDM candidates used as seal materials under
high pressure in H2-refueling stations.

5. Conclusions

By using a volumetric analysis technique and an ungraded diffusion analysis program
calculating up to a hundred summation terms in an expansion series of the concentra-
tion CE(t) of emitted H2, we investigated the H2-permeation characteristics of EPDM
composites. The investigated results are summarized below.

The pressure-dependent H2 uptakes for neat EPDM and silica-filled EPDM composites
show single sorption models that satisfy Henry’s law; this phenomenon was dominated
by absorption by the polymer. The contribution from the filler was negligibly small.
Moreover, H2 uptakes for CB-filled EPDM composites followed dual sorption models that
obey Henry’s law and Langmuir law. The H2 uptake in the CB-filled EPDM received
contributions from absorption by the polymer networks and adsorption by the CB filler.
The difference between the two CBs is attributed to the distinct specific surface areas.

The diffusivity values in all EPDMs investigated depended on pressure. The decrease
in the diffusivity for silica-filled EPDM relative to that for neat EPDM was responsible
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for the increase in the tortuosity of the diffusion path by introducing filler. Moreover,
the decrease in the diffusivity for CB-filled EPDM was attributed to both polymer–filler
interactions and tortuosity by impermeable fillers.

At 1.2 MPa, the silica-blended EPDMs show negative linear correlations between
diffusivity and filler content. The relationship is very similar to that of permeability with
the density and tensile strength characteristics of EPDM composites. The CB-blended
EPDMs exhibit reciprocal relationships between diffusivity and filler content, likely for per-
meability with the density and tensile strength characteristics of EPDM composites. From
the investigated relationships, we predicted the H2-permeation properties of compounded
EPDM candidates when used as seal materials under high pressure in H2-refueling stations.
In the present work, it was demonstrated that EPDM HAF60 and EPDM SRF60 specimens
with large density and tensile strength characteristics exhibit the lowest H2 permeation
among the specimens; these specimens are suitable candidates for high-pressure gas seals
to prevent gas leakage.
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Abstract: Mechanical responses after the uniaxial deformation of graded styrene–butadiene rubber
(SBR) with a gradient in the crosslink points in the thickness direction were investigated as compared
with those of homogenously vulcanized SBR samples. The elongational residual strain of a graded
sample was found to depend on the part with a high crosslink density. Therefore, it showed good
rubber elasticity. After stress removal, moreover, the graded sample showed a marked warpage.
This suggested that shrinking stress acted on the surface with a high crosslink density, which would
avoid a crack growth on the surface. The sample shape was then recovered to be flat very slowly,
indicating that the shrinking stress worked for a long time. This unique rubber elasticity, i.e., slow
strain recovery with an excellent strain recovery, makes graded rubber highly significant.

Keywords: graded rubber; rubber elasticity; styrene–butadiene rubber

1. Introduction

A rubber has a crosslinked structure, in which crosslink points are homogeneously
distributed in general. Strictly speaking, however, most rubbers have a gradient in the
crosslink density, especially in a thick product, because each part in a rubber product has
different thermal histories. Since polymeric materials including rubbers usually have a
low thermal diffusivity, it takes a long time to be in an equilibrium temperature profile at
vulcanization process [1]. Therefore, a core region in a rubber product must have a short
exposure period at a high temperature compared with a skin region. This may result in
the difference in the crosslink density, although its effect on the mechanical properties
can be ignored for most rubber products used in industry. Such a situation is, however,
pronounced and should be considered when vulcanization occurs slowly. Bellander et al. [2]
vulcanized styrene–butadiene rubber (SBR) without crosslinking agents such as sulfur and
found a gradient in the crosslink density. A rubber with a crosslink gradient, i.e., a graded
rubber, may show poor rubber elasticity when the stress is applied in the gradient direction.
This is reasonable because a layered part with no/few crosslink points will flow by applied
normal force. From the viewpoint of energy absorption, however, a number of researchers
reported that damping properties were improved by providing a crosslink gradient [3–6].
This must be attributed to dangling chains in the region with a low crosslink density, which
showed prolonged relaxation modes with a high level of energy absorption [7–10].

A graded rubber can be obtained by different methods, including the lamination
of different layers [11] and manipulated photo-curing [12–14]. For conventional rubber
materials, Ikeda prepared a graded SBR by vulcanizing laminated sheets with different
sulfur contents [15,16]. She found that the mechanical properties such as tensile proper-
ties were mostly decided by the area with a high crosslink density. Moreover, Glebova
et al. [17] revealed that the crosslink density in SBR around zinc oxide particles was high in
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the nanoscale regions (ca. 200 nm). Considering that nanoparticles can show interphase
transfer between different rubbers [18], this technique may provide a new idea to make a
graded rubber in the future. Finally, Wang et al. [19] proposed a simple method to prepare a
graded SBR by diffusing sulfur from one surface, followed by vulcanization. Since diffusion
constants of curatives have been studied for a long time after the pioneering works by
van Amerongen [20] and Gardiner [21], this technique must be noted. According to Wang
et al., the obtained graded SBR showed high values of loss tangent in a wide temperature
range due to broad distribution of glass transition temperature Tg [19]. Besides the pro-
nounced energy absorption, however, attractive properties of a graded rubber composed of
conventional materials have not been reported yet to the best of our knowledge.

Here, we prepared a graded SBR by vulcanizing under a temperature gradient and
found unique strain recovery behaviors after stress removal. Dynamic mechanical proper-
ties, as well as tensile properties including stress relaxation behaviors, were also investi-
gated in detail.

2. Materials and Methods

2.1. Materials

Styrene–butadiene rubber (SBR) with a styrene content of 25 wt.% was kindly sup-
plied from Sumitomo Rubber Industries Ltd. (Kobe, Japan). The weight-average molec-
ular weight as polystyrene standard was 250,000. Furthermore, carbon blacks (Diablack-
H; Mitsubishi Chemical, Tokyo, Japan), stearic acid (NOF Corporation, Tokyo, Japan),
zinc oxide (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan), N-phenyl-N’-(1,3-
dimethylbutyl)-p-phenylene diamine as an antioxidant (Nocrac 6C; Ouchi Shinko Chemical
Industrial, Tokyo, Japan), aroma oil (VivaTec 500; H&R, Hamburg, Germany), sulfur (Tsu-
rumi Chemical Industry, Tokyo, Japan), N-cyclohexyl-2-benzothiazolyl sulfenamide (CBS,
Nocceler CZ-G; Ouchi Shinko Chemical Industrial), and 1,3-diphenylguanidine (DPG,
Nocceler D; Ouchi Shinko Chemical Industrial) were employed. All of them were used
without further purification.

2.2. Sample Preparation

The sample recipe is shown in Table 1. Mixing was performed by three steps. At the
first step, all ingredients except for sulfur and accelerators, such as CBS and DPG, were
added into a 1700 cc internal mixer (Mixtoron BB; Kobelco, Kobe, Japan) and mixed at
77 rpm for 3 min. The initial temperature of the mixer was controlled at 30 ◦C, and the
final temperature was about 150 ◦C. After mixing, the mixture was taken out and cooled
down at room temperature. Then, it was put into the mixer at 30 ◦C again with sulfur and
accelerators and mixed at 44 rpm for 3 min as the second step. The final temperature was
about 100 ◦C. Finally, the obtained mixture was kneaded by an 8-inch two-roll mill (Kansai
Roll, Osaka, Japan) at 60 ◦C to prepare a sheet with a 2.5 mm thickness.

Table 1. Recipe of SBR compound.

Ingredients Amount (phr)

SBR 100
Carbon black 50
Stearic acid 2
Zinc oxide 3

Antioxidant 1
Aroma oil 5

Sulfur 1.45
CBS * 2.3

DPG ** 1.85
* N-Cyclohexyl-2-benzothiazole sulfenamide. ** Diphenyl guanidine.

Sample sheets were exposed to high temperatures in a compression molding machine
under 10–20 MPa for 10 min. The temperature conditions with sample codes are shown in
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Table 2. In the sample codes, “H” represents the homogeneously crosslinked samples, i.e.,
both plates of the compression molding machine were controlled at the same temperature,
whereas “G” denotes the graded samples. The thickness of the compressed sheets was
about 1.3 mm. After the vulcanization process, the surface temperature was measured again,
which is also summarized in Table 2. The sample code “UV” represents the unvulcanized
sample, although it was compressed at 80 ◦C for 30 s under 20 MPa to reduce the thickness
to 1.3 mm. All samples were kept at room temperature at least 24 h before testing.

Table 2. Sample codes and temperature conditions at compression molding.

Sample Codes
Set Temperature (◦C)

Temperature at the End of
Vulcanization Process (◦C)

Top Plate Bottom Plate Top Plate Bottom Plate

UV - - - -
H80 80 80 80 80

H110 110 110 110 110
H170 170 170 170 170

G170-80 170 50 170 80
G170-110 170 80 170 110

2.3. Measurements

Vulcanization behaviors at various temperatures were evaluated by a rotorless cureme-
ter (Curelastometer Type R 7; Eneos Trading Company, Tokyo, Japan) following ISO 6502.

The temperature dependence of tensile moduli was measured by a dynamic mechani-
cal analyzer (Rheogel E4000; UBM, Muko, Japan). The frequency and heating rate were
10 Hz and 2 ◦C/min, respectively. The specimen had the following dimensions: 4 mm in
width, 15 mm in length, and 1.3 mm in thickness.

Tensile tests were carried out by a tensile testing machine (Autograph AGS-X; Shi-
madzu, Kyoto, Japan) at 25 ◦C. The dumbbell-shaped specimens, No.7 of JIS-K6251 (corre-
sponded to ISO37-4), were cut from the sheets using a dumbbell sample cutting machine
(Super Dumbbell Cutter SDL-200; Dumbbell, Kawagoe, Japan). The crosshead speed was
100 mm/min, and the initial distance between two clamps was 20 mm. Three measurements
were conducted for each sample.

Stress relaxation measurements were performed using the tensile machine. Similar
to the tensile tests, the dumbbell-shaped specimens with an initial gauge length of 11 mm
were stretched at 100 mm/min. The stretching was stopped at a strain of 1.0 and kept
for 900 s to measure the stress relaxation. After the stress relaxation measurements, the
samples were taken out from the tensile machine and kept at 25 ◦C to investigate the strain
recovery behaviors. The sample shape was recorded by a digital camera (HDR-CX540V;
Sony, Tokyo, Japan) to characterize the recovery process.

3. Results and Discussion

Figure 1 shows the torque curves versus curing time tc at various temperatures.
The torque did not increase at all in 10 min at/below 110 ◦C, suggesting that no/little
vulcanization reaction occurred at these temperatures. Beyond 135 ◦C, the torque increased
with the curing time beyond 300 s. Furthermore, it was found that the optimum cure time
t90 was around 140 s at 170 ◦C.

The temperature dependence of tensile storage modulus E’ and loss tangent tan δ
at 10 Hz is shown in Figure 2. The glassy, transition, and rubbery regions were clearly
detected for all samples.
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Figure 1. Torque curves plotted against curing time tc at various temperatures.

Figure 2. Temperature dependence of (a) and (b) tensile storage modulus E’ and (c) and (d) loss
tangent tan δ at 10 Hz.
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Although there was no/little difference in the E’ values among the samples in the
glassy region, the curves in the transition region were slightly different. As seen in Figure 2a,
E’ decreased due to the glass-to-rubber transition that occurred at a high temperature for
H170, i.e., fully crosslinked sample. Figure 2d showed that the values of tan δ for H170
were lower than those for the others in the temperature range from −40 to −5 ◦C. As the
vulcanization temperature increased, providing more crosslink points, segmental motion
in the rubber was more restricted, which resulted in high Tg [7–10,19]. The number of
crosslink points, of course, affected the modulus in the rubbery region. In Figure 2b,
E’ values from 20 to 60 ◦C were plotted. The order of E’ values corresponded with the
vulcanization temperature for the homogeneously crosslinked samples. E’ values of the
graded rubbers, i.e., G170-80 and G170-110, were found to be between those of H110 and
H170. Regarding tan δ, the graded samples did not show high values in this study, which
was different from some reports [8–10,12,19]. Presumably, the present samples had few
dangling chains compared with those used in the previous studies. Therefore, the energy
absorption was not largely expected, at least in the linear viscoelastic range. Moreover,
Figure 2 indicates that H80 had almost no crosslink points because the dynamic mechanical
properties were similar to those of the unvulcanized one, i.e., UV. As a result, they showed
high tan δ values in the high-temperature region (Figure 2c).

Stress–strain curves are shown in Figure 3. The stresses are engineering values, i.e.,
force divided by the initial cross-sectional area, while the strains are also engineering values,
i.e., distance divided by the initial distance. The measurements were performed three times
for each sample. Since the experimental error was not large for all samples, we showed
the middle values of each in the figure. The stresses for the graded samples were between
those of H170 and H110, suggesting that the part with a high crosslink density, which must
be the surface region exposed to the high temperature at the vulcanization process, was
responsible for the stress generation [15]. They were reasonable results and corresponded
with Figure 2.

Figure 3. Stress–strain curves.

For some samples, stretching was stopped at a strain of 1.0 to measure the stress
relaxation behaviors. Figure 4 shows the stress relaxation curves normalized by the stress
at the cessation of stretching. The horizontal axis represents the time after the cessation
of stretching. It was found that the graded samples showed high levels of normalized
stress in the long-time region. The values were comparable with that of H170 and much
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better than that of H110, indicating that the graded samples showed good rubber elasticity.
Similar to stress generation at stretching, the part with a high crosslink density was largely
responsible for the rubber elasticity. It was also found from the figure that H80 showed
higher values than UV, suggesting that a weak network existed in H80.

Figure 4. Relaxation curves of normalized stress, i.e., stress σ(t) divided by that at the cessation of
stretching at ε = 1 σ0 for (a) homogenous samples and (b) graded samples.

After 900 s, the samples were taken out from the tensile machine and kept at room
temperature to evaluate the strain recovery property. The sample shapes immediately after
stress removal are exemplified in Figure 5. As shown in Figure 5a, simple shrinkage with
a flat shape was detected for H170, as expected. However, the graded samples exhibited
marked bending deformation (Figure 5b). The inner side was the part with a high crosslink
density. The bending deformation must be attributed to the difference in the recovery stress
acting on each surface of the graded samples. After the stress removal, the side with a high
crosslink density was exposed to a high shrinking stress, which could avoid a crack growth
on the surface. In contrast, the opposite side had no or weak shrinking stress, owing to the
orientation relaxation of chain segments.

Figure 5. Sample shapes immediately after removal from the tensile machine for (a) H170 and
(b) G170-80. The pictures were taken from a side view of the samples.
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Eventually, the graded samples became flat, as shown in Figure 6. However, the
bending deformation was still detected even after one week for both graded samples. For a
better understanding of the recovery process, the recovery ratio R(tr) was calculated using
the following equation as a function of the time after stress removal tr:

R(tr) (%) =

(
1 − ε(tr)

εi

)
× 100 (1)

where ε(tr) is the strain at time tr and εi is the initial strain applied by stretching. In this
experiment, εi is 1. For bended samples, the outer and inner lengths were evaluated by
Image J software using the pictures, and the average values were used as ε(tr).

Figure 6. Recovery process after stress removal.

Figure 7 shows the recovery curves. H170 showed an immediate recovery. This is rea-
sonable because the experiments were performed well beyond Tg. The value was 98 ± 1%,
suggesting that the residual strain, 1−R(∞), was around 2%. As the crosslink density for
the homogenously crosslinked rubbers decreased, the time dependence became obvious,
and the equilibrium values became small, i.e., poor rubber elasticity. In other words, sam-
ples showing a small residual strain exhibited a quick recovery at room temperature. As
compared with the homogenously crosslinked samples, the graded ones showed a different
behavior. They exhibited good strain recovery at equilibrium conditions, i.e., 96 ± 1%
for G170-80 and 97 ± 1% for G170-110, which was much better than that for H110 (92%).
However, it took a long time to recover; i.e., the recovery ratio slowly increased with tr,
especially for G170-80 with bending deformation. This suggests that the shrinking stress
acting on the surface with a high crosslink density would work for a long time. This slow
recovery cannot be predicted from the stress relaxation data because the relaxation curves
were not much different from that of H170, as shown in Figure 4. In the graded rubber,
segmental orientation in the side with a low crosslink density was mostly relaxed when
the stress was removed. Therefore, during recovery, the shrinking stress was applied from
the other side with dense crosslink points. As a result, the reorganization of segments was
required in the weakly crosslinked side, which must be the origin of slow recovery.
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Figure 7. Recovery ratio R(tr) as a function of time after stress removal.

4. Conclusions

In this study, graded rubbers were prepared by vulcanizing a conventional SBR under
a temperature gradient. The obtained samples had a gradient in crosslink density in the
thickness direction. Although the dynamic mechanical properties including tan δ were not
much different from those of the homogeneously crosslinked samples, the rubber elasticity
was found to be different. After the cessation of stretching, stress relaxation behavior was
evaluated as compared with homogeneously crosslinked rubbers. It was found that the
stress was hardly relaxed for the graded rubbers during stress relaxation measurements,
which was comparable to the fully crosslinked rubber. This must be attributed to the
part with a high crosslink density. Furthermore, after stress removal, the graded samples
showed marked bending deformation due to the mismatch in the shrinking stress between
both surfaces. Eventually, the samples showed less bending deformation and became flat,
which took a long time, even well beyond Tg. Moreover, they showed good strain recovery,
i.e., low residual strain, even though shrinking occurred very slowly. The segmental
motion in the part with a low crosslink density must be the origin of slow strain recovery.
This must be a common phenomenon for graded rubbers with a crosslink gradient in the
thickness direction.
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Abstract: In recent years, the field of conductive fabrics has been challenged by the increasing
popularity of these materials in the production of conductive, flexible and lightweight textiles, so-
called smart textiles, which make our lives easier. These electronic textiles can be used in a wide range
of human applications, from medical devices to consumer products. Recently, several scientific results
on smart textiles have been published, focusing on the key factors that affect the performance of
smart textiles, such as the type of substrate, the type of conductive materials, and the manufacturing
method to use them in the appropriate application. Smart textiles have already been fabricated
from various fabrics and different conductive materials, such as metallic nanoparticles, conductive
polymers, and carbon-based materials. In this review, we study the fabrication of conductive fabrics
based on carbon materials, especially carbon nanotubes and graphene, which represent a growing
class of high-performance materials for conductive textiles and provide them with superior electrical,
thermal, and mechanical properties. Therefore, this paper comprehensively describes conductive
fabrics based on single-walled carbon nanotubes, multi-walled carbon nanotubes, and graphene. The
fabrication process, physical properties, and their increasing importance in the field of electronic
devices are discussed.

Keywords: smart textile; SWCNTs; MWCNTs; graphene; applications

1. Introduction

Traditional textiles were created to protect people from the elements, such as cold and
rain, and to serve as covering material. The two most important qualities associated with
clothing are their ability to provide protection and their aesthetics. Throughout history,
advances in smart materials and electronics have contributed to a unique potential that
has led to the emergence of a new field called “smart textiles”. Smart textiles, also called
intelligent textiles or e-textiles, are a type of intelligent materials that can detect and respond
to changes in their environment [1]. The stimuli and responses can be thermal, electrical,
magnetic, mechanical, chemical, or any other type of stimulus or response [2]. Smart textiles
are indeed used in many applications ranging from simple to more complicated ones, for
example, in military, healthcare, and wearable electronics [3–5]. They are classified into
three groups based on their generation and intelligence [6,7]. First generation passive smart
textiles can provide additional functions in a passive mode regardless of environmental
changes. Examples of passive smart textiles include anti-odor, anti-static, anti-microbial,
and bulletproof [8,9]. In the second generation, smart textiles have been developed to sense
and respond to environmental stimuli. Examples include heat storage, sensors, thermoreg-
ulation, vapour-absorbing fabrics, and electrically heated suits [8]. A sophisticated smart
textile consists primarily of an entity that functions similarly to the brain, with cognitive,
reasoning, and activating capabilities that can sense, respond, and adapt to environmental
conditions or stimuli, including health monitoring and space suits [10]. Figure 1 shows a
chronology of the development of smart textiles.
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Figure 1. This timeline shows different generations of electronic textiles. Adapted [7].

Although recent advances in the field of smart textiles are extremely interesting, several
obstacles still need to be overcome to make them suitable for commercial and economic
use [6]. Unfortunately, the fabrication of conductive textiles is limited by several technical
and non-technical features. Therefore, it is essential to develop large-scale manufacturing
processes [11,12]. One of the problems in developing smart textiles is the smooth and
undetectable integration of the required electronics into the fabric. Therefore, material
scientists need to develop fibers with the required electrical capabilities that are strong,
comfortable, and attractive at the same time [13]. In addition, temperature, perspiration,
humidity, mechanical shock, continuous bending and tension, and illumination should be
thoroughly investigated [14]. The autonomy of the system should be increased to reduce
the burden of frequent battery charging, and the battery life also needs to be improved,
which is still a research problem [15]. The garments must ensure high security against
cyber threats [16]. For users to fully embrace this new technology, smart clothing must
be a product that meets consumers’ emotional and functional needs, and integration and
connectivity tools [17].

This article is about the fabrication of smart textiles using carbon-based materials,
especially SWCNTs, MWCNTs, and graphene, and is organized as follows: The smart ma-
terials, discussing the structure, physical properties, and potential applications of carbon
nanotubes, SWCNTs and MWCNTs, and graphene. Then, there are three major sections fo-
cusing on the smart textiles fabricated with SWCNTs, MWCNTs and graphene, respectively.
Meanwhile, the fabrication method, physical properties, especially electrical properties,
factors affecting these properties, and potential applications of smart textiles are described.

2. Smart Materials

Materials that are described as “smart” or “functional” are usually part of a “smart
system” that can sense and respond to its environment. If they are truly intelligent, they
have a significant impact on the performance of smart textiles [18]. In this article, the focus
is on single-walled carbon nanotubes, multi-walled carbon nanotubes, and graphene.

2.1. Carbon Nanotubes (CNTs)
2.1.1. Definition and Structure

Carbon nanotubes (CNTs) belong to the fullerene family, which includes carbon
allotropes whose atoms are connected in cage-like configurations, such as a hollow sphere,
an ellipsoid, or a cylinder [19–22], and have a thickness or diameter on the order of a few
nanometers [23]. CNTs can be fabricated in a variety of ways, but the three most common
methods are fabrication by electric arc, chemical vapor deposition, and laser ablation [24].

2.1.2. Types of Carbon Nanotubes

CNTs are generally classified by the number of carbon layers into single-walled
(SWNTs) or multi-walled (MWNTs) carbon nanotubes, as shown in Figure 2. SWCNTs
are single graphene layers wrapped in tubes. Depending on how the tube is wrapped,
SWCNTs have different properties [25] and structures [26–28]. MWCNTs, on the other
hand, consist of multiple graphite layers wound on top of each other [29], and the diameter
between the tube walls is about 0.34 nm. The architecture of MWCNTs can be described by
one of two models: the Russian doll model and the parchment model [30]. Table 1 shows
the comparison between SWCNTs and MWCNTs and Table 2 shows the main physical
properties of the two [31–46].
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Figure 2. Structure of carbon nanotubes (a) SWNTs and (b) MWNTs.

Table 1. Comparison between SWNTs and MWNTs.

SWCNTs MWCNTs References

Single graphene layer Multiple graphene layers [40,44]

SWNTs have a diameter of 0.4 to 3.0 nm
and a length of 20 to 1000 nm.

The outer diameters are between 2 and
100 nm, the inner diameters between
1–3 nm and the lengths between 1 and
50 m.

[29,45]

The synthesis of SWCNTs requires the
use of a catalyst.

The synthesis of MWCNTs can in fact
be made no need for a catalytic

[40,44]

Bulk production is challenging because
it requires precise control of growth
and environmental conditions.

Bulk production is simple.

Purity is poor Purity is high

Less deposits in the body More deposits in the body

It is more flexible and can be
twisted effortlessly. It is complicated to twist.

Characterization and evaluation
are simple It has a very complex structure

Table 2. Summary of the main properties of SWCNTs and MWCNTs.

Properties Unit SWCNTs MWCNTs References

Specific gravity g/m3 0.8–1.3 1.8–2.6
[46]

Resistivity μΩ/cm 5–50 5–50

Young’s modulus TPa ∼1 ∼1–0.3 [41,42]

Thermal conductivity W.m−1K−1 3000–6000 2000–3000 [41,43]

Electrical conductivity S/m 102–106 103–105

[43]Thermal stability in air ◦C 550–650 550–650

Specific area m2/g 400–900 200–400

2.1.3. Potential Applications of CNTs

CNTs were used in wide range of applications due to its small and lightweight, which
makes them suitable for a [40]. They can be used in many fields, such as electronic and
photovoltaic devices [47], solar cells [48], superconductors [49], food science [50], water
purification [51], biology and medicine [52], electrical/electronic applications [53], wearable
devices, and smart textiles [54]. Figure 3 shows various applications of CNTs in textiles.
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Figure 3. Potential applications for the use of carbon nanotubes in textiles.

2.2. Graphene
2.2.1. Definition and Structure

Graphene is a flat monolayer of carbon atoms densely condensed into a two-dimensional
(2D) honeycomb crystal structure [55–61], as shown in Figure 4. Graphene belongs to the
category of graphitic nanomaterials, which includes graphene with few layers (1–5 layers).
It has numerous chemical [62,63], physical [64], electronic [65], and mechanical [66] excellent
properties. In addition, graphene is said to be the thinnest known substance [67], the
most hydrophobic known substance [68], possessing both brittleness and ductility [69],
nontoxic, and inexpensive [70,71]. Table 3 shows a summary of the basic physical properties
of graphene.

Figure 4. Structure of graphene as a honeycomb lattice of carbon atoms.

Table 3. Summary of the basic physical properties of graphene.

Quantity Values References

Tensile strength 130 GPa [72]

Young’s modulus 1TPa [73]

Weight 0.77 mg/m2 [74]

Thermal conductivity ~3000–5000 W m−1 K−1 [75,76]

Mobility of charge carrier 2 × 105 cm2 V−1 s−1 [77–79]

Electrical conductivity ~3.6 × 108 S/m [80]

Transmittance ≈97.7% [81]

2.2.2. Potential Applications of Graphene

The exceptional properties of graphene can be exploited in numerous applications,
including biomedicine [82], membranes [83], sensors [84], energy harvesting and stor-
age [85], composites and coatings [86], and functional devices [87], as shown in Figure 5.
In addition, graphene is a promising material for the fabrication of smart and electronic
textiles, where multiple functions can be combined in a single material. The large surface
area and flexibility improve conformal contact, resulting in increased sensitivity [88]. Due
to the atomic structure of carbon atoms in graphene, electrons can move at incredible
speeds without scattering, saving energy that would otherwise be wasted in conventional
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conductors. The number of graphene layers and the coupling effects with the underlying
substrate affect the electronic properties of the graphene system. Seamless integration of
electronics into textiles can enable various applications, including flexible, stretchable, and
foldable devices [89], electrodes, and electronic textiles that can be used in various fields.

Figure 5. Potential Applications of graphene.

3. Conductive Fabrics Based on Carbon Nanotubes

Conductive fabrics are usually made from various substrates, such as cotton [90],
polyester [91], wool [92], and nylon [93], using numerous techniques, such as embroi-
dery [94], knitting [95], spinning [96], coating [90], printing [97], dipping and drying, drop
casting [98], and others. To make fabrics electrically conductive, there are usually two
approaches: one approach is to incorporate conductive fillers, such as metal nanoparticles
and carbon-based materials [99], graphene and carbon nanotubes, into the fabric. The
second approach is to coat the fabric with a conductive polymer, such as PEDOT:PSS, which
contains little or no metal. This review focuses on the fabrication of conductive fabrics from
carbon-based materials.

3.1. Conductive Fabrics Based on SWCNTs

Recently [100], conductive and flexible melt-blown fabrics were coated with SWCNTs
by chemical vapor deposition, where the melt-blown fabrics were recycled from face masks.
The results showed that the sheet resistance of the conductive fabrics depended on the
deposition time and was 245, 116, and 57 Ω/� for deposition times of 1 h, 2 h, and 3 h,
respectively. It was also found that the sheet resistance decreased when the gold chloride
dopant was used with values of 64, 54, and 26 Ω/�, respectively. Alamer et al. [101]
fabricated a highly conductive cotton fabric impregnated with SWCNTs by using the
filtration technique to produce conductive cotton. The advantage of this technique is
that the residual solution that passes through the filter paper is collected in a beaker and
stored for later use. This process was also safe, simple, and environmentally friendly,
using renewable energy sources and using chemicals effectively. They found that the sheet
resistance of the sample reached the minimum value of 0.006 Ω/� at a concentration
of 41.5 wt.%. They also ensured that the temperature behavior of the conductive cotton
was consistent and reproducible for at least two months. Huang et al. [102] designed an
electrode using a stretchable Lycra fabric, SWCNTs as conducting materials, and a dyeing
and drying process. The impurities were first removed from the surface of the fabric using
deionized water. Then, the fabric was stretched to 100% elongation and immersed in
SWCNT ink, alcohol, and nitric acid, respectively. Then, the fabric was dried and stretched
to allow the SWCNTs to penetrate the fabric and increase its conductivity. The resistance of
the conductive electrode was stable after 5 × 102 stretching cycles with a minimum sheet
resistance of 65 Ω/� at 35% tensile load.

In another study, SWCNT ink was printed on a stretchable substrate using inkjet
printing technique [103]. It was found that the sheet resistance of the conductive substrate
depended on the number of coating layers and decreased as the number of layers increased.
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The minimum sheet resistance was 19.08 Ω/� for the five-layer coating, and this value
changed slightly after the sample was stretched. Zhang et al. [104] fabricated conductive
cotton nylon with SWCNTs by immersion drying and then modified the fabric by plasma.
The results showed that the sheet resistance of the modified fabric 2.0 k Ω/� was lower than
the sheet resistance of the unmodified fabric 4.9 k Ω/�, which was attributed to the increase
in the surface roughness of the fabric. SWCNTs dispersed in dodecylbenzene sulfonic
acid, sodium salt, were applied to polyester fabric by the coating dry cure method [105].
Before the coating process, the fabric was treated with plasma using different working
gases and different treatment times. The results showed that this treatment led to an
improvement in the antistatic properties of the polyester fabric. It was found that the
antistatic property increased with increasing plasma treatment and then decreased. The
effect of SWCNTs as absorbers of UV light for cotton fabrics was investigated in the study
published by Mahmoudifard and Safi [106] and compared with ZnO and TiO2 absorbers.
It was found that SWCNTs absorbed UV light with a high UPF value compared to ZnO
and TiO2 absorbers. In another interesting study [107], a piezoresistive stretchable sensor
based on SWCNTs and fabrics was fabricated, the joint movements of children were
measured and compared with a rectangular sensor. It was found that the stretchable sensor
had the same effect as the rectangular sensor with electrical resistance in the range of
280 Ω and 290 Ω. A flexible and stable supercapacitor with a high specific capacitance
of about 70 to 80 Fg−1 was prepared by immersing cotton leaves in SWCNT ink [108].
The results showed that the sample exhibited high electrical conductivity with a sheet
resistance of less than 1 Ω/�. In another study, SWCNTs dispersed in sodium dodecyl
benzyl sulfonate and ethylene glycol were used to prepare conductive threads by the
immersion drying method [109]. The results showed that the electrical conductivity was
curiously dependent on the concentration of SWCNTs, with the resistance decreasing from
3.587 Ω to 0.01257 Ω as the concentration increased from 0.008049 wt% to 1.07269 wt%.
In 2008, Shim et al. [110] fabricated a conductive cotton yarn by using SWNTs, MWNTs
and polyelectrolytes and applying the immersion method. The cotton yarn becomes
conductive after multiple immersions, with a resistivity as low as 20 Ω.cm−1. This approach
is characterized by its speed, simplicity, robustness, low cost, and easy scalability. The
fabrication of conductive Lycra fabric has also been investigated using the conductive
materials SWCNTs and polyaniline, using the immersion drying process [111]. The results
showed that the conductive fabric had a minimum sheet resistance of 35 Ω/�. This fabric
was used to manufacture antenna which worked at 2.45 GHz with reflection coefficient
of about ~18.6 dB. In another study [112], conductive cotton fabrics were prepared using
a composite of SWCNTs and the conductive polymer PEDOT: PSS by the technique of
drop casting. The effects of applying the composite in the cotton fabrics were studied, and
the results showed that a cotton fabric composed of one layer of PEDOT: PSS between
two layers of SWCNTs was electrically stable for four months, with a minimum sheet
resistance of 0.006 Ω at a concentration of 41.5 wt.%. The metallic conductive threads
were also prepared from SWCNTs, PEDOT:PSS, and a mixture of both [113]. The results
showed that the electrical resistances depend on the fabrication process. The lowest
sheet resistance was obtained for the sample prepared from a mixture of SWCNTs and
PEDOT:PSS with a value of 0.0072 Ω, and a lower amount of composite of 1.729 mg.
Table 4 show summary list of SWCNTs-based materials with details of their manufacturing
processes and electrical properties.
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Table 4. Shows summary list of SWCNTs-based materials with details of their manufacturing
processes and electrical properties.

Year Substrate Coated with Method Electrical Properties References

2022 Melt blown fabrics
SWCNTs Chemical vapor

deposition

57 Ω/�
[100]

SWCNTs + gold chloride 26 Ω/�
2020 Cotton SWNTs Filtration 0.006 Ω/� [101]

2017 Lycra SWCNTs Dyeing drying 65 Ω/� [102]

2014 Thin films SWCNTs Inkjet printed 19.08 Ω/� [103]

2012 Cotton nylon SWCNTs Dyeing drying 2.0 k Ω/� [104]

2015 Polyester SWCNTs Coating-dry-cure - [105]

2012 Cotton SWCNTs + ZnO + TiO2 Dyeing drying - [106]

2020 Polyester spandex SWCNTs + polyurethane Dry curing machine 280–290 Ω [107]

2010 Cotton SWCNT ink Dyeing drying 1 Ω/� [108]

2020 Cotton thread SWCNTs + SDBS Dip coating 0.01257 Ω [109]

2008 Cotton yarn SWNTs + MWNTs +
polyelectrolyte Dip coating 20 Ω/cm [110]

2017 Lycra SWCNTs Dyeing drying 35 Ω/� [111]

2021 Cotton thread SWNTs + PEDOT: PSS drop-casting 0.0072 Ω [112]

3.2. Conductive Fabrics Based on MWCNTs

As discussed in the previous section, conductive fabrics made of SWCNTs have
excellent electrical properties; however, SWCNTs are expensive, purification is difficult,
and dispersion in liquid is also difficult. Therefore, many researchers focused on fabricating
conductive fabrics using MWCNTs instead of SWCNTs because they are cheaper, can
be produced in large quantities, and are more stable compared to SWCNTs. Rahman
et al. [113] fabricated conductive and thermal cotton fabrics with MWCNTs using the dip
and dry method. The results showed that the electrical conductivity of the conductive
cotton was about 0.20 S m−1 with a sheet resistance of 1.67 kΩ/� after four times of
immersion. In addition, the thermal conductivity of the fabric was also increased by 70%.
MWCNTs dispersed in DMF were used in the recent study presented by Alamer et al. [114]
to prepare conductive cotton fabrics using the drop-casting and drying method. The sheet
resistance of the conductive cotton was proportional to the MWCNT loading of the fabric
and reached a value of 15.92 Ω/� at a saturation concentration of 42.20 wt.%. Moreover,
the conductive fabrics exhibited semiconductor behavior as the resistance decreased with
increasing temperature. The conductive cotton fabrics were also prepared by immersing
the fabrics in a dispersion of MWCNTs in sodium dodecyl sulphate [115]. The amount
of MWCNTs was increased up to 20 times by repeating the immersion process, and the
cotton fabrics with high MWCNT concentration exhibited a minimum sheet resistance
of 2.5 kΩ.cm−2. The results also showed that the conductive cotton treated with HNO3
resulted in a reduction of sheet resistance to 1.5 kΩ.cm−2 which was attributed to the
interaction between MWCNTs and cellulose through glycosidic bonds.

The conventional dyeing method was used to deposit synthetic MWCNTs on the
surface of cotton fabrics [116]. The deposition of MWCNTs was uniform and permanent,
and the results showed that the sheet resistance changed in the range of 5486 MΩ/� to
0.433 MΩ/� due to the change of the amount of MWCNTs from 100 mg to 500 mg. In
addition, the mechanical properties of the conductive fabric were also improved, and the
strength was increased by increasing the amount of MWCNTs, which was attributed to
the effect of van der walls force between the nanotube particles and the cotton surface. In
another study [117], MWCNTs were first dispersed by grafting dimethyl phosphite and
perfluorohexyl iodine, then applied to cotton fabric by the impregnation-drying method.
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The conductive fabric had a sheet resistance of 225.6 kΩ/� and exhibited UV resistance,
with the UPF value reaching the maximum value of 121. Costa et al. [118] fabricated
electrodes for supercapacitors based on cotton fabric and MWCNTs dispersed in sodium
dodecylbenzene sulfonate. The MWCNT dispersion was applied to the surface of the
conductive cotton using the dip-pad drying method. By repeating this method eight times,
the resistance of the fabric electrodes reached the minimum value of 2.62 Ω.cm−2, had a
specific capacitance of 8.01 F g−1, a high energy density of 6.30 Wh kg−1, and a cyclability
of 5000. In the study presented by Nafeiea et al. [119], conductive wool fabrics were
prepared using MWCNTs and carboxylated MWCNTs, both dispersed in water, and the
effect of sodium dodecyl sulfate as an anionic surfactant and cetyltrimethylammonium
bromide as a cationic surfactant was investigated. The results showed that the use of a
cationic surfactant improved the dispersion of MWCNTs in water, while the dispersion of
carboxylated MWCNTs in water was better without the use of a surfactant. The electrical
conductivity of the wool fabric prepared with 5 g/L carboxylated MWCNTs reached a
maximum value of 2 × 10−3 S cm−1, which is ten times higher than the conductivity of
the wool fabric treated with MWCNTs. In the study presented by Kowalczyk et al. [120],
MWCNTs were also dispersed in sodium dodecyl sulfate, then applied to polyester/cotton
fabrics using the padding-drying method. The resistance depended on the number of pads
and changed from 5.79 kΩ to 1.07 kΩ when the number of pads was increased from one to
three, which was attributed to the formation of the MWCNT networks. Polyester fabric
treated with MWCNTs dispersed in enzymes was used as an electrode in dye-sensitised
solar cells [121], where the MWCNT dispersion was applied to the surface of the fabric
by the tape-casting method. The sheet resistance of the treated fabric depended on the
thickness of the coating and changed from 38 Ω/� to 12 Ω/� when the coating thickness
increased from 5 μm to 28 μm. It was also found that the sheet resistance depended
on the size of MWCNTs. The energy conversion efficiency of the conductive electrode
reached about 5.69%. Hao et al. [122] fabricated flexible conductive cotton electrodes for
supercapacitors using carboxyl MWCNTs. The carboxyl MWCNTs were deposited on
the cotton fabric at high temperature and pressure by immersion method. The electrical
resistance of the composite reached a value of 2.606 Ω with a high specific capacitance of
94.3 F g−1, and the sample exhibited good stability up to 3000 cycles. The conductive yarns
based on MWCNTs were fabricated in the study presented by Abbas et al. [123,124], in
which the spin-dry method was used for the fabrication process. The results showed that
the resistance of the conductive yarn depended on the diameter of the yarn. It was 2.55 k Ω
and 120 Ω for the yarns with diameters of 12 μm and 100 μm, respectively. In addition, the
absorption coefficients of the conductive yarns were measured in the range of 50 MHz to
20 GHz and were found to depend on the diameter of the conductive yarns. Table 5 shows
summary list of MWCNTs-based materials with details of their manufacturing processes
and electrical properties.
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Table 5. Summary list of MWCNTs-based materials with details of their manufacturing processes
and electrical properties.

Year Substrate Coated with Method Electrical Properties References

2015 Cotton MWCNTs Dyeing drying 1.67 kΩ/�
0.20 S m−1 [115]

2022 Cotton MWCNTs Dyeing drying 15.92 Ω/� [116]

2015 Cotton MWCNTs Dyeing drying 1.5 Ωk cm−2 [117]

2019 Cotton MWCNTs Dyeing 0.433 MΩ/� [118]

2020 Cotton MWCNTs Dipping drying 225.6 kΩ/� [119]

2020 Cotton MWCNTs Dip-pad-dry 2.625 Ω cm−2 [120]

2016 Wool MWCNTs - 2 × 10 −3 S cm−1 [121]

2015 Polyester/Cotton MWCNTs Padding machine 1.03 × 10 3 Ω/� [122]

2015 Polyester MWCNTs Tape casting 15 Ω/� [123]

2018 Cotton MWCNTs-COOH Dyeing drying 2.606 Ω [124]

3.3. Conductive Fabrics Based on Graphene

Incorporating graphene into textiles not only imparts conductivity to the textiles,
but also enables the production of multifunctional textiles due to the excellent physical
properties of graphene, as we discussed in Section 2. Gan et al. [125] fabricated conductive
cotton fabrics using graphene nanoribbons by wet coating method. The mechanical and
electrical properties of the fabrics were improved after repeating the wet coating method.
The achieved low resistance was about 80 Ω with an increase in tensile stress and elastic
modulus of 58.9% and 64.1%, respectively. In another study [126], the trapping method was
used to fabricate conductive PET graphene-based fabrics. The main feature of this method
is to reduce the insolubility of graphene so that it can easily penetrate the fabrics. The sheet
resistance of the fabrics was strongly dependent on the graphene loading and changed
from 77.9 MΩ/� to 2.5 kΩ/� when the graphene loading increased from 2.5 wt.% to
10.7 wt.%. Sahito et al. [127] developed a flexible and conductive cotton fabric coated with
graphene nanosheets. Briefly, the charge of the surface of the cotton fabric was modified
by cationization, which resulted in a positive charge that enabled strong bonding between
the graphene oxide nanosheets and the cotton fabric and formed a uniform layer on the
surface of the fabric, then the chemical reduction method was used to convert the graphene
oxide nanosheets into graphene nanosheets. This conductive flexible cotton fabric with
sheet resistance of 7 Ω/� was used as a counter electrode for a dye-sensitive solar cell,
and the calculated photovoltaic conversion efficiency was 6.93%. Ren et al. [128] fabricated
conductive cotton fabrics with graphene oxide, where the graphene oxide was synthesized
from graphite flakes, dispersed in DI water, applied to the cotton fabrics by a vacuum
filtration method, and then reduced by a hot-pressing method. The sheet resistance was
about 0.9 kΩ/� and increased to about 1.2 kΩ/� after 10 washing cycles. This conductive
cotton fabric was used as a strain sensor and showed good stability up to 400 bending
cycles. In an interesting method, Atta et al. [129] immersed cotton yarns in a graphene
oxide dispersion, then reduced them with gamma rays. The resulting cotton yarns were
used as portable supercapacitors and the specific capacitance reached a maximum value
of 97 F/g. It was also found that the series resistance and charge transfer resistance
depended on the graphene oxide concentration and reached a minimum value of 34 Ω
and 22 Ω for the series resistance and charge transfer resistance, respectively. Maneval
et al. [130] prepared conductive cotton yarns by using two methods: cationization to
improve electrostatic interactions, and dip coating to coat the surface of cotton yarns with a
graphene dispersion (see Figure 6). Before the yarn breaks, the electrical conductivity of
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the yarn reached a maximum of 1.1 S cm−1 at a graphene concentration of 14% by weight
and under continuous mechanical stress.

Figure 6. Schematic representation of the device used for the coating of cotton yarns with graphene
sheets [130].

Lu et al. [131] fabricated silk fabric with a high conductivity of a single fiber of
3595 S m−1 by using graphene oxide nanosheets as a conductive material and a coating
reduction method. Briefly, the untreated silk fabric was immersed in bovine serum albumin,
which generates a positive charge on the surface of the fabric and increases the absorption
of the conductive material when the fabric is immersed in the graphene oxide nanosheet
solution. Then, a hydrazine vapor reduction method was used to reduce the graphene
oxide on the fabric. In the study presented by Zulan et al. [132], the conductive silk fabric
was also prepared with graphene oxide after the fabric was modified. The modification of
the silk fabric was performed as follows: the fabric was immersed in a solution containing
regenerated silk fibroin as an electrostatic adhesive, deionized water, and bovine serum
albumin. The modified fabric was coated with graphene oxide, then thermally reduced
to convert the graphene oxide into graphene. The results showed that the conductive silk
fabric was thermally stable and exhibited an electrical conductivity of 3.06 × 10−6 S cm−1.
In another study [133], a flexible, stable, conductive cotton yarn with an electrical conduc-
tivity of about 1.0 S cm−1 was prepared using reduced graphene oxide and a dip coating
and reduction method. The results also showed that the conductive cotton yarn exhibited
mechanical stability up to 1000 cycles and absorbed UV irradiation of about 1.0 mA/W
under bending deformation. Yarns from Calotropis gigantean [134], which have a unique
structure, excellent hydrophilicity, and lower natural longitudinal crimp, were used to
produce conductive yarns on a large scale by dyeing graphene oxide onto the surface of
the yarn and applying a reduction process (see Figure 7). The obtained conductivity of the
treated yarn depended on the concentration of graphene oxide and reached a maximum
value of 6.9 S m−1 at high concentration and was shown to be resistant to washing, which
was due to the hydrogen bonding formed between the fiber and graphene during the
dyeing process.

Figure 7. Images of the pristine, GO-modified, and rGO-modified CGYs [134].

Molina et al. [135] fabricated conductive fabrics by chemical reduction of graphene
oxide on polyester fabric. The resistance of the fabric decreased from 1011 Ω. cm2 for
the untreated fabric to 23.15 Ω. cm2 for the fabric coated with three layers of reduced
graphene oxide. In another study [136], the knitted fabric was also immersed in graphene
oxide solution, then subjected to a reduction process. The sheet resistance of the resulting
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promoted fabric was dependent on the amount of reduced graphene oxide in the fabric
and the number of immersion cycles. It reached the value of 0.19 MΩ/� after 15 dipping
cycles. The graphene/polyurethane composite material and the dip coating method [137]
were used to fabricate a conductive para-aramid fabric, as shown in Figure 8. It was found
that the sheet resistance and electrical capacitance of the conductive fabric decreased as
the number of dip coating cycles increased due to the increase in the amount of composite
materials. The minimum sheet resistance and electrical capacitance of the conductive fabric
reached 75 kΩ/� and 89.4 pF, respectively, after 5 dip coating cycles. It was also found
that this sample can be used for a heat-resistant para-aramid knitted glove with a phone
touch screen when hot-pressed at 140 degrees.

Figure 8. Illustration of the fabrication process for graphene/WPU with dip coating on para-aramid
knitted fabric, which consists of two steps: (a) preparation of graphene/WPU composite solution,
(b) dip coating of para-aramid knitted fabric with different coating cycles [137].

A conductive stretch-sensitive fabric was fabricated using graphene oxide nanosheets
and a reducing deposition method [138]. Briefly, graphene oxide nanosheets were deposited
on nylon/polyurethane fabric, then reduced with sodium borohydride. The results showed
that the electrical resistivity of the conductive fabric with a value of 112 kΩ m−2 was four
times lower than that of the untreated nylon/polyurethane fabric. In addition, the electrical
resistivity of the conductive fabric increased from 112 kΩ m−2 to 154 kΩ m−2 after eight
washes. The conductive fabric was also used to fabricate a strain sensor in the strain range of
0 to 30 percent, and the strain sensor exhibited good sensitivity and stability. Ba et al. [139]
found a method to improve the bonding between the graphene and the functional group
on the cotton fabric using karaya gum as a bioinspired exfoliating agent, in which the
synthesized graphene solution was applied to the surface of the cotton fabric by dip coating
or brush coating. The electrical conductivity of the conductive cotton fabric reached a
maximum value of 13,000 S m−1 at a graphene concentration of 6 wt.%. Another interesting
method to improve the bonding between graphene and cotton fabric and to fabricate a
scalable conductive fabric with a length of 150 m and a sheet resistance of about 11.9 Ω/�
was presented in the study by Afroj et al. [140]. The conductive graphene dispersion was
prepared using the microfluidization technique for natural graphite flakes, then applied to
the cotton fabric using the pad dry curing method. Another important observation was that
the conductivity of the conductive cotton did not change even after washing ten times. The
screen printing method [141] was used to print graphene ink on the surface of the textile
after the textile was modified using heat transfer technology. The sheet resistance of the
conductive textile reached a minimum value of 100 Ω/� after three printing cycles, and
this textile was used to fabricate a conductive electrode for electrocardiogram monitoring. It
was found that the efficiency of the graphene electrode was comparable to the conventional
electrode. In another study, the screen printing method with graphene ink was also used,
but for the two sides of the cotton fabric in the study presented by Zhang et al. [142],
and the fabric produced was used as a portable heater (see Figure 9). The small voltage
difference of 3 V applied to the conductive fabric resulted in a high heating temperature,
52.6 ◦C, which confirmed that this conductive fabric could be used as a wearable heater. The
conductive cotton fabric also exhibited a high electrical conductivity of 1.18 × 104 S m−1.
The biocompatible conductive fabric sensor was fabricated using graphene nanoplatelets
dispersed in a water-based ink and screen-printed onto the fabric surface [143]. The results
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showed that the fabric sensor was stable and sensitive, that the stiffness of the fabric
increased with the amount of material applied, and that the electrical conductivity reached
the maximum value of about 10.26 S m−1 at a graphene concentration of 3.8 wt%.

Figure 9. Screen printing process for the production of conductive cotton with graphene ink [143].

In addition, Yapici et al. [144] also fabricated electrocardiogram electrodes based on
nylon fabric coated with reduced graphene oxide using the immersion drying method. The
resulting electrode had an electrical conductivity of 4.5 S cm−1, and this value was stable up
to five washing cycles. In the study by Sahito et al. [145], the surface of a cotton fabric was
modified with bovine serum albumin, which resulted in a positive charge on the surface.
In their study, the electrical properties of cotton and modified cotton were compared after
they were immersed in graphene oxide. The results showed that the amount of graphene
oxide in the modified cotton was greater than the amount of graphene oxide in the cotton.
Then, the graphene oxide was reduced and converted to graphene by the chemical vapor
reduction method. The minimum sheet resistances obtained were 40 Ω/� and 510 Ω/�
for the conductive cotton and the conductive modified cotton, respectively. The conductive
nylon 6 fabric was prepared by depositing reduced graphene oxide on the surface of the
fabric, which was presented in the study by Yun et al. [146]. A new method was used in
this process: electrostatic self-assembly of graphene oxide and bovine serum albumin to
improve the adhesion of graphene sheets on the fabric was used to deposit them on the
surface of the fabric, followed by a low-temperature reduction process. The conductive
fabric exhibited high electrical conductivity of 1000 S cm−1, which is not affected by bending
and washing cycles. In another process [147], UV light was used to reduce graphene oxide
on cotton and wool fabrics without using a reducing agent or high annealing temperature.
Briefly, graphene oxide was first applied to the surface of the fabric using the brush coating
drying method, the process was repeated to increase the concentration of the materials,
then the fabric was irradiated with UV light to reduce the graphene oxide and convert it to
graphene. It was found that the sheet resistance reached a minimum value of 100.80 kΩ/�
and 45 kΩ/� when the conductive cotton and wool fabrics were irradiated with UV light,
respectively. Table 6 shows summary list of graphene-based materials with details of their
manufacturing processes and electrical properties.
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Table 6. Summary list of graphene-based materials with details of their manufacturing processes and
electrical properties.

Year Substrate Coated with Method Electrical Properties References

2015 Cotton Graphene nanoribbon Wet coating 80 Ω [125]

2014 Cotton yarn Graphene/graphite Trapping 2.5 kΩ/� [126]

2016 Cotton Graphene nanosheets Dyeing drying 7 Ω [127]

2017 Cotton Graphene oxide Vacuum filtration 0.9 kΩ/� [128]

2021 Cotton Graphene oxide Immersing 22–34Ω [129]

2021 Cotton Graphene Dyeing drying 1.1 S cm−1 [130]

2015 Silk Graphene oxide Immersing 3595 S m−1 [131]

2019 Silk Graphene Oxide Dip-pad 3.06 × 10 −4 S cm−1 [132]

2019 Cotton thread Graphene oxide Dip-coating chemical
reduction ~1.0 S cm−1 [133]

2022 Gigantea yarn Graphene oxide Pad dyeing 6.9 S m−1 [134]

2013 Polyester Graphene oxide Chemical reduction 23.15 Ω. cm2 [135]

2017 knitted Graphene oxide Dyeing drying 0.19 MΩ/� [136]

2019 Para-aramid Graphene/waterborne/
polyurethane Dip coating 7.5 × 10 4 Ω/� [137]

2017 Nylon Graphene oxide Dip coating 112 KΩ/m2 [138]

2020 Cotton Graphene Dip- and brush-coated 13000 S m−1 [139]

2020 Poly-cotton Graphene Pad dry 11.9 Ω/� [140]

2020 Cotton Graphene Screen-printing 100 Ω/� [141]

2021 Cotton Graphene ink Screen-printing 1.18 × 10 4 S m−1 [142]

2021 Polyester elastane Graphene nanoplatelets Screen-printing 10.26 S m−1 [143]

2015 Nylon Graphene oxide Dip coating 4.5 S cm−1 [144]

2015
Cotton

Graphene oxide Dip coating
40 Ω/�

[145]
Modified cotton 510 Ω/�

2013 Nylon yarns Graphene oxide
Electrostatic self-assembly

and low
temperature reduction

1000 S/m [146]

2014
Cotton

Graphene oxide Brush coating drying
100.8 kΩ/�

[147]
Wool 45 kΩ/�

4. Summary

This review article summarizes the method of designing and fabricating electrical,
flexible, and lightweight conductive fabrics with embedded SWCNTs, MWCNTs, and
graphene, and their applications in the field of smart textiles. The development of smart
textiles was carried out in three stages: the first stage is to impart conductivity to the textiles,
the second stage is to fabricate the smart textiles, and the final stage is to functionalize
the conductive yarns. Carbon-based materials, particularly SWCNTs, MWCNTs, and
graphene, are discussed from their structure, physical properties, and potential applications
to their use in the design and fabrication of conductive fabrics with a wide range of
electrical conductivity and interesting physical properties that make them suitable for
various wearable electronic applications. We come to the following conclusions:

1. Conductive fabrics based on SWCNTs have been prepared by various fabrication
methods: chemical vapor deposition, filtration technique, dyeing and drying method,
inkjet printing method, dipping and drying method, and drop-casting method. It has

201



Polymers 2022, 14, 5376

been shown that the electrical conductivity of conductive fabrics and sheet resistance
has a wide range from low to high values, and depends on various factors, such as:
deposition times, dopants, content of SWCNTs in the fabric, stretching cycles, number
of coating layers, treatment of the fabric with plasma, and mixing of SWCNTs with
other carbon-based materials, such as MWCNTS and graphene, or with conductive
polymers, such as polyaniline and PEDOT:PSS. These SWCNTs based fabrics have
been used in various applications such as: UV light shielding, piezoresistive sensor,
supercapacitor, antenna, and metal thread.

2. Conductive fabrics based on MWCNTs were prepared by various fabrication methods:
Dipping and drying, drop casting and drying, dipping, impregnation and drying,
dipping and drying, and tape casting. The fabricated conductive fabrics exhibited a
wide range of electrical conductivity, which was influenced by several factors: Size
of MWCNTs, number of dipping operations, type of organic solvents, content of
MWCNTs, temperature, dopants, repetition of the fabrication process, use of anionic
and cationic surfactants, and use of enzymes. These conductive fabrics based on
MWCNTs have been used as electrodes in supercapacitors, and as electrodes in dye-
sensitised solar cells and block UV light.

3. Conductive graphene-based fabrics have been fabricated using graphene, graphene
nanoribbons, graphene oxide, graphene nanosheets, natural graphite flakes, and
graphene ink. Various methods were used in the fabrication process: wet coating,
trapping method, chemical reduction method, vacuum filtration—hot press method,
dipping and gamma ray reduction method, cationization—dip coating, coating and re-
duction method, dyeing and reduction method, dipping and reduction method, reduc-
ing deposition method, brush coating, pad dry curing method, screen printing method,
chemical vapor reduction method, electrostatic self-assembly—low temperature re-
duction process, UV reduction method. The electrical properties of graphene-based
materials are influenced by several factors: repetition of the manufacturing process,
graphene content, graphene oxide concentration, tensile stress, cationization process,
number of coating layers, number of dipping cycles, exfoliation agent, and number of
printing cycles. Thus, the conductive fabrics produced have been used in various appli-
cations: electrode for a dye-sensitive solar cell, strain sensor, portable supercapacitors,
UV blockers, heat-resistant gloves, electrocardiogram electrodes, and portable heaters.
Finally, the field of smart textile fabrication from carbon-based materials is developing
rapidly but needs further development to bring these applications from small scales
(in research laboratories) to large scales (industrial applications). Therefore, more basic
research is needed to enable the next wave of smart textile products.
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Abstract: Zinc oxide performs as the best cure activator in sulfur-based vulcanization of rubber, but
it is regarded as a highly toxic material for aquatic organisms. Hence, the toxic cure activator should
be replaced by a non-toxic one. Still, there is no suitable alternative industrially. However, binary
activators combining ZnO and another metal oxide such as MgO can largely reduce the level of
ZnO with some improved benefits in the vulcanization of rubber as investigated in this research.
Curing, mechanical, and thermal characteristics were investigated to find out the suitability of MgO
in the vulcanization of rubber. Curing studies reveal that significant reductions in the optimum
curing times are found by using MgO as a co-cure activator. Especially, the rate of vulcanization
with conventional 5 phr (per hundred grams) ZnO can be enhanced by more than double, going
from 0.3 Nm/min to 0.85 Nm/min by the use of a 3:2 ratio of MgO to ZnO cure activator system
that should have high industrial importance. Mechanical and thermal properties investigations
suggest that MgO as a co-cure activator used at 60% can provide 7.5% higher M100 (modulus at 100%
strain) (0.58 MPa from 0.54 MPa), 20% higher tensile strength (23.7 MPa from 19.5 MPa), 15% higher
elongation at break (1455% from 1270%), 68% higher fracture toughness (126 MJ/m3 from 75 MJ/m3),
and comparable thermal stability than conventionally using 100 % ZnO. Especially, MgO as a co-cure
activator could be very useful for improving the fracture toughness in rubber compounds compared
to ZnO as a single-site curing activator. The significant improvements in the curing and mechanical
properties suggest that MgO and ZnO undergo chemical interactions during vulcanization. Such
rubber compounds can be useful in advanced tough and stretchable applications.

Keywords: rubber; cure activators; cross-linking; synergism; tensile properties; thermal properties

1. Introduction

The discovery of rubber mastication in the year 1821 by Hancock and the rubber
vulcanization by Charles Goodyear in the year 1839 revolutionized the industrial utility
of rubbers. Without vulcanization, rubbers remain stiff in cold weather and sticky in
hot weather, which restricts their industrial applications. Charles Goodyear first started
the vulcanization of rubber by simply heating rubber with sulfur. With this process,
vulcanization takes a longer time and is currently uneconomic for industrial applications.
In modern vulcanization systems, many ingredients have been used for the vulcanization of
rubber. Among them, sulfur, accelerator, and activator are the basic ingredients. With these
vulcanizing ingredients, cure activators play an important role in regenerating precursors
that can effectively cross-link the rubber. A combination of metallic oxide and fatty acid
acts as a cure activator. Currently, the combination of zinc oxide and stearic acid is the most
successful cure activator system in the rubber industries. Generally, zinc oxide at 2 to 5 phr
(per hundred grams of rubber) and stearic acid at 0.5 to 3 phr are used as cure activators in
the vulcanization of rubber [1,2]. Mostly, 5 phr zinc oxide along with 2 phr stearic acid is the
conventional amount in the tire industries to achieve a better modulus, low heat build-up,
and good abrasion resistance properties [3]. Zinc oxide in rubber compound also acts as
an adhesion promoter between the interfaces of brass-coated steel cords and the rubber
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in radial tires [4]. About 105 tons of zinc oxide are produced annually, of which 50–60% is
used in rubber industries [5]. Zinc oxide is well known as a high carcinogen for aquatic
organisms and thus an environmental pollutant. Importantly, soluble zinc compounds
are toxic to aquatic species [6]. The amount of zinc oxide can be reduced by using higher
surface-active zinc oxide such as nano zinc oxide. However, recent toxicological studies
suggest that even nano zinc oxide is more toxic directly or by dissolution than zinc ion or
some combination thereof [7,8]. When rubber products are thrown into the environment
after the end of their use, zinc oxide releases into the environment during degradation
or by leaching from the landfill sites. Zinc oxide release to the environment by leaching
should enhance the ecosystem exposure, even though it is difficult to measure. Modeling
efforts suggest that the zinc oxide content presently is high in wastewater treatment plant
effluent and can cause toxicological risk to aquatic species [9]. Another major source of zinc
oxide in the environment was detected from tire wear during the service life [10]. Hence, to
relieve the environmental pollution, either an alternative cure activator that is less toxic or
at least the amount of zinc oxide should be reduced in the rubber formulation.

To solve this environmental issue, the reduction of zinc oxide amount was first consid-
ered through zinc-based materials [5,11–16], because zinc ion is almost necessary for the
formation of a zinc-accelerator complex that can effectively cross-link the rubber chains. For
example, layered double hydroxides or zinc-containing clays can effectively reduce the level
of zinc oxide [5,11–13], but they are less dispersible in the pristine form to the non-polar
rubber and result in reduced physical properties which are economically unfavorable [17].
Some researchers found some zinc complexes [18–21] might be the alternative, but in
some selective rubbers. Nono zinc oxide or nano zinc hydroxide [22–30] could be the
alternative but are relatively expensive. Wu et al. investigated carbon nanodots as an
alternative eco-friendly cure activator for sulfur-based rubber vulcanization and found
some promising results in diene rubbers [31]. Other metal oxides such as CaO, MgO, CdO,
CuO, PbO, and NiO can be used as cure activators. Among different metal oxides, MgO is
the most promising candidate [32–35] because of its non-toxicity. Unlike other basic metal
oxides, the hydrolyzed form of MgO is also solid and has a negligible effect on rubber
plasticity. Some attempts have already been made using nano magnesium oxide-based cure
activator in the vulcanization of rubber [36–39], and the improvements in the properties are
mainly due to nanoparticle reinforcement. Generally, nano cure activators are expensive
due to complicated synthetic procedures, and also according to Ding et al. metal oxide
nanoparticles are more toxic for aquatic organisms than conventional microparticles [40].
However, according to Kuschner et al. [41], micro magnesium oxide has very low environ-
mental toxicity compared to zinc oxide. Tire industries always have a high demand for
the simplest, easiest, and most economical way to reduce production costs with enhanced
properties. Although magnesium oxide did not provide similar properties to zinc oxide, a
significant improvement was possible by using binary accelerators instead of single-site
curing accelerators [42]. In particular, binary accelerators, one of which contains zinc ions,
can show synergistic effects on the vulcanization properties [42]. Hence, it is believed that
MgO-only can, with some difficulty, replace the ZnO by using a single accelerator for the
vulcanization of rubber. It was also concluded that MgO can undergo a reaction similar
to ZnO with the vulcanizing accelerators. However, the lower cross-linking capacity of
MgO could be due to a lack of active sulfurating complex, as was evident in the ZnO-based
cure activator [42]. From different studies [11–16,31,32,38,42], it was revealed that partial or
complete replacement of ZnO could be possible depending upon the purpose of application.
For tire application, complete replacement of ZnO is quite impossible because the tires
need the higher modulus and other advantages that cannot be achieved without ZnO. It
was quite familiar that binary accelerators comprising thiuram and thiazole functional
groups undergo mutual activity to produce higher vulcanization properties such as im-
proved cross-link density, mechanical modulus, etc., than single accelerator systems in the
presence of a zinc oxide-based cure activator [43–47]. Magnesium oxide as a cure activator
also provided synergism on the vulcanization properties, but it was quite low due to the
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formation of a lower amount of cross-linking precursors [42]. However, in the presence
of the zinc ion-containing accelerator, the synergistic activity was higher. Hence, it was
believed that zinc compounds either formed in-situ or externally added may undergo
interactions with MgO and can deliver the synergistic effect. Generally, lower zinc oxide
can be useful in practice for a binary accelerators system where the accelerators undergo
mutual interactions to produce higher cross-link density compared to single accelerator
systems [42]. Thus, Guzmán et al. [33–35] studied the efficiency of single MgO and Zn/Mg
oxide nanoparticles in reducing the amount of ZnO in the vulcanization of rubber. Interest-
ingly, they found that mixed metal oxide nanoparticles improved the cross-link density and
the rate of vulcanization compared to single activator systems [33–35]. However, instead
of binary accelerators, they considered single accelerators for the vulcanization [33–35].
Recently, Alam et al. [42] found that, similar to ZnO, MgO could also promote the mu-
tual interactions between thiuram- and thiazole-based accelerator systems to enhance the
cross-link densities. Hence MgO as a co-cure activator with ZnO could be more effective
in the binary accelerator systems than in single accelerator systems to reduce the amount
of ZnO from the vulcanization. Moreover, MgO is quite cheap, nontoxic, and abundant.
While most studies were done to reduce ZnO levels by nano cure activators or modified
zinc compounds that could have additional toxicity, here we use conventional micro MgO,
which is non-toxic. In this way, the rubber compounds are expected to have much less
environmental toxicity. Since vulcanization is almost necessary for all practical applications
with better properties, we use binary accelerators rather than single accelerators to obtain
higher vulcanization properties followed by synergism with MgO.

In this article, we investigate MgO as a co-cure activator along with ZnO in the
vulcanization of natural rubber. Low sulfur and a binary accelerators system are chosen to
understand the mutual interactions between the accelerators and the activators. Moreover,
a high accelerator to low sulfur ratio that is known as an efficient vulcanization system
(EV), which can produce higher mono and disulfide cross-links with better thermal stability
than other vulcanizing systems such as conventional vulcanization (CV) and semi-efficient
vulcanization (SEV), is considered. Detailed curing, mechanical and thermal properties
are investigated to establish the utility of MgO as a co-cure activator. Special attention is
given to the fracture toughness of the rubber compounds, since this property is highly
important for stretchable mechanical and electronic devices. Possible mechanisms of
chemical interactions between the cure activators causing the synergistic activities on the
properties are proposed and discussed in detail.

2. Materials and Methods

2.1. Materials

Zinc oxide, stearic acid, sulfur, and natural rubber (NR, RSS-3, density = 0.96 g/cm3)
were supplied by the Thai Rubber Research Institute. Cure accelerators such as tetramethyl
thiuram disulfide (TMTD) and dibenzothiazyl disulfide (MBTS) were purchased from
Tokyo Chemical Industry Co., Ltd., Japan. Magnesium oxide light of fine powder was
purchased from AppliChem PanReac, Thailand. X-ray studies of ZnO and MgO confirmed
their excellent purities with hexagonal and cubic crystalline structures respectively. From
the X-ray studies and using the Scherrer equation, it is confirmed that MgO bears a lower
crystalline size compared to ZnO. The XRD plots of ZnO and MgO are given in Figure 1a,b.
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Figure 1. XRD plots of used cure activators; (a) ZnO and (b) MgO.

2.2. Rubber Compounding

Natural rubber was first masticated in a laboratory size two-roll mill for 5 min to
promote additives dispersion. After that, cure activator(s) and stearic acid were mixed
for another 5 min. Finally, accelerators and sulfur were mixed for the last 5 min. After
complete mixing, the compounded rubbers were cut as sheets. The friction ratio of the
front and rear roller was maintained at a 1.2:1 ratio with roller speeds of 24 and 20 rpm,
respectively. The nip gap between the two rollers was kept at 1 mm during mastication
and the rest at 0.5 mm. The different mixing ingredients with the mixing formulations are
provided in Table 1.

Table 1. Mixing composition of different ingredients in phr (per hundred gram of rubber).

Formulation
Mixing Composition

NR/5-MgO NR/4-MgO/1-ZnO NR/3-MgO/2-ZnO NR/2-ZnO NR/5-ZnO

NR 100 100 100 100 100

MgO 5 4 3 0 0

ZnO 1 2 2 5

Stearic Acid 2 2 2 2 2

TMTD 0.72 0.72 0.72 0.72 0.72

MBTS 2 2 2 2 2

Sulfur 0.5 0.5 0.5 0.5 0.5

2.3. Measurements of Cure Characteristics

About 5 g of compounded rubber was placed in the cavity of a Moving Die Rheometer
(MDR) to measure the curing characteristics at 140 ◦C. Moderate vulcanization temperature
was used because some curing reactions were very fast. The MDR provided rheographs
(torque vs. time curve) from which the different curing parameters were obtained. The
different curing parameters such as lowest torque (ML), highest torque (MH), torque
difference (MH − ML = Δ torque), scorch safety time (t2), optimum curing time (t90), cure
rate index (CRI = 100/ (t90 − t2)), and rate of vulcanization (Rv = (Mt90 − Mt2)/(t90 − t2))
were obtained from the rheographs.

2.4. Measurement of Cross-link Density of Rubber Vulcanizates

The cross-link densities of the vulcanized rubbers were determined by the swelling
method and by applying the Flory-Rehner equation [48]. The rubber specimens were kept
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for swelling in toluene for 7 days to reach equilibrium swelling, and the cross-link densities
were obtained as follows

Vc= −{ln(1 − Vr) + Vr + χVr
2}/{Vsdr(Vr

1/3 − Vr/2)}

where Vc is the cross-link density, Vr is the volume fraction of rubber in the equilibrium-
swollen specimen, Vs is the molar volume of solvent (toluene), dr is the density of the
rubber (0.96 g/cm3), and χ is the solvent-rubber interaction parameter.

The volume fraction of rubber in the equilibrium swelling stage was determined
according to the formula

Vr = (Wr/dr)/{(Wr/dr) + (Ws/ds)}

where Wr is the weight of dry rubber, Ws is the weight of solvent swelled, and ds is the
density of solvent. In this experiment χ = 0.3795, Vs = 106.2 cm3/mol, and ds= 0.87 g/cm3

were considered.

2.5. Mechanical Properties of Rubber Vulcanizates

The rubber compounds were cured corresponding to their t90 values in a hot press
molding machine at 100 psi as sheets of 2 mm thickness. The cured rubber sheets were
placed in a refrigerator to control the aging effects [45] due to the drastic changes in
environmental temperature. Before measuring the tensile properties, the sheets were
placed at ambient temperature for 24 h. Dumbbell-shaped test pieces were cut from the
sheets according to the standard (ISO 37, type 2) to measure the tensile properties. The
tensile tests were performed in a tensile testing machine (UTM, LLOYD LR 100 K, Lloyd
Instruments, Hampshire, UK) using a 1 kN load cell and a cross-head speed of 500 mm/min.
The gauge length of the dumbbell-shaped specimen was fixed at 25 mm. Tensile properties
such as modulus at 100% elongation (M100), modulus at 300% elongation (M300), tensile
strength (T.S), and elongation at break (E.B) were obtained from the stress-strain curves.

2.6. Scanning Electron Microscopic Analysis and Elemental Mapping

Scanning electron microscopic (SEM) analyses were performed on the tensile fractured
surface of rubber samples by field emission scanning electron microscope (FE-SEM, S-4800,
Hitachi, Tokyo, Japan). Elemental mapping to understand the dispersion of the curatives
was achieved through the energy-dispersive X-ray spectroscopic technique. Before SEM
analyses, the samples were pre-coated with platinum by a sputter coater.

2.7. Thermo Gravimetric Analysis

Thermal analyses were performed using a Thermo gravimetric analyzer (TGA, NET-
ZSCH TG 209F3 TGA209F3A-0364-L) and heating the samples from 35 to 800 ◦C in a
nitrogen environment at a heating rate of 10 ◦C/min in a crucible made of alumina.

3. Results and Discussion

3.1. Curing Characteristics

Cure curves (rheographs) of different rubber vulcanizates are provided in Figure 2a.
From the rheographs, it is found that the nature of all the cure curves is more or less similar
except for the vulcanizate with an MgO single activator system. After reaching the highest
torque, MgO-only-based vulcanizate showed substantial reversion in the curing process.
This suggests that MgO itself acts as a poor cure activator compared to ZnO alone. It is
recognized that MgO may break the polysulfide linkages but is unable to reform as stable
sulfur cross-links. However, the reversion can be completely removed by using binary
curing activator systems. It is known that ZnO in the presence of a curing accelerator and
sulfur produces an active sulfurating complex [49], whereas MgO does not produce such a
type of active complex but it can decompose accelerators quickly and start the vulcanization
early, as seen in Figure 2a. Moreover, MgO can decompose the poly-sulfidic bridges and
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suppress the total number of cross-links with increasing cure time. In the presence of
ZnO and MgO combined cure activators, the vulcanization starts earlier, as does higher
torque without reversion. Hence, it can be assumed that MgO as a co-cure activator may
help to produce a zinc-accelerators complex more effectively than ZnO alone and that the
degradation of sulfur cross-links caused by MgO can be suppressed completely. Since MgO
can degrade higher-ranked sulfur bridges, a high accelerator-to-sulfur ratio, i.e., efficient
vulcanization, should be the proper choice, rather than semi-efficient and conventional
vulcanization systems [34,35,42] to get the benefits of MgO as a co-cure activator.

Figure 2. Curing characteristics of rubber vulcanizates; (a) rheographs, (b) Δ torque, (c) t2, (d) t90,
(e) CRI, and (f) Rv.

It seems that the ML values are a little higher for MgO-based vulcanizates, which may
be due to the faster rate of vulcanization. However, such little increases in the ML values
did not affect the flowing properties of compounded rubber during molding. The MH
values are increased with ZnO content in binary activator systems. The NR/3-MgO/2-ZnO
shows an MH value very near to that of NR/5-ZnO. This result suggests that, concerning
MH value, 60% ZnO can be replaced by MgO easily.

The torque differences for different vulcanizates are plotted in Figure 2b. From this
figure, it can be found that the 3:2 ratio of MgO to ZnO in the binary activator system (NR/3-
MgO/2-ZnO) provides similar Δ torque compared with 5 phr ZnO containing vulcanizate
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(NR/5-ZnO). A considerable increase in Δ torque from NR/5-MgO to NR/4-MgO/1-ZnO
vulcanizate indicates that 80% ZnO can also be replaced by compromising a little lower
value than that of the NR/5-ZnO vulcanizate. If we compare the Δ torque values of binary
activator systems with single activator systems, prominent synergisms can be seen, which
suggests that MgO may further activate the effect of ZnO on the cross-linking reactions.

Scorch safety is an important parameter for thick vulcanizate. The different scorch
safety times are shown in Figure 2c. From this figure, it can be found that MgO-based
vulcanizate bears a lower scorch safety value than ZnO-based vulcanizate. Actually, in the
presence of MgO, the accelerators began to decompose and started cross-linking reactions
much faster. On the other hand, ZnO reacts quite slowly with accelerators to form the
active sulfurating complex, and then the cross-linking reaction starts at a faster rate. Hence,
ZnO-only shows a higher scorch safety value than other compounds. Although MgO
as a co-activator provides lower scorch safety values, these values can be improved by
controlling the rate of vulcanization using a lower vulcanization temperature.

Optimum cure time is an important curing parameter, of which values below and
above can result in lower vulcanizate properties. The different optimum cure times are
shown in Figure 2d. From this figure, it can be seen that optimum cure times for MgO-
based vulcanizates are lower compared to ZnO-only-based vulcanizates. Interestingly, the
optimum cure time for 3 phr MgO as a co-cure activator is about 3 times lower than 5 phr
ZnO containing vulcanizate, keeping similar Δ torque values. This implies that MgO as a
co-cure activator with ZnO will be much more economical for rubber vulcanization than
using ZnO-only as a single-site curing activator.

The cure rate index (CRI) values are plotted in Figure 2e. From this figure, it can be
seen that MgO-based compounds have higher CRI values than ZnO-based single activator
systems. It is also to be noted that a slight decrease in the CRI value can be found with
increasing 2 phr to 5 phr ZnO content. From the equation, it can be seen that the CRI value
depends on both scorch safety and optimum cure times. Since ZnO as a single-site curing
activator poses a higher optimum cure time, the composites showed lower CRI values than
MgO-based vulcanizates. The actual rate of vulcanization (Rv) can be found in Figure 2f.
Interestingly, although the MgO-only compound has a CRI value similar to that of the
MgO/ZnO binary activators system, huge differences have been found in vulcanization
rates among them. Moreover, the Rv value of the MgO-only-based activator system has a
higher value than ZnO-only-based activator systems. These results suggest that MgO can
improve the vulcanization rate, but the total cross-linking level is quite low, as is evident
from the lower Δ torque. However, in the cases of MgO/ZnO binary curing activator
systems, an increase in ZnO content increases Rv as well as Δ torque values. It is believed
that in the presence of MgO, the accelerators decompose at faster rates, which increases
the rate of vulcanization, and the decomposition of accelerators helps to produce a higher
amount of zinc-accelerator complex, which efficiently vulcanizes the rubber.

The swelling index and cross-link density data are plotted in Figure 3a,b. From
Figure 3a,b, it can be seen that the MgO/ZnO binary and ZnO-only cure activator systems
provide a similar swelling index and cross-link density values. Moreover, MgO/ZnO
binary activators provide much better curing efficiency than ZnO-only as a single-site
curing activator in the vulcanization of rubber. MgO-only provides the highest swelling
index and lowest cross-link density. The highest swelling index and low cross-link density
suggest that MgO-only has poor efficiency in cross-linking.

The vital step in vulcanization is the formation of a metal complex combining the
activator and the accelerator [50,51]. It is well known that zinc-dithiocarbamate is an
ultrafast accelerator compared to corresponding thiuram disulfide [42]. It is well ac-
cepted that in the presence of ZnO, the thiuram-type accelerator forms a complex like
zinc-dithiocarbamate [42,49–51]. This zinc-dithiocarbamate is then processed to an active
sulfurating complex in the presence of sulfur and ultimately undergoes cross-linking. The
detailed mechanistic aspects of sulfur vulcanization can be found in Figure 4 (steps 1–7)
in the presence of ZnO and cure accelerators. Steps 1–5 (Figure 4) regard the formation
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of thiocarbamic acid, which undergoes an acid-base type reaction with ZnO. Since thio-
carbamic acid is regarded as a weak acid and ZnO is a weak base, the formation of the
zinc-dithiocarbamate type complex is very favorable. This dithiocarbamate undergoes
an ionic exchange reaction with MBTS and again forms thiuram disulfide and produces
the cross-links in steps 4 and 5 (Figure 4). It is believed that in the presence of ZnO and
thiuram disulfide, a catalytic-type complex is formed. In the presence of sulfur, this active
complex produces more and more cross-links between the rubber chains. It is believed
that after cross-linking, the complexes return to dithiocarbamate, which itself has low
cross-linking efficiency [44]. However, the presence of an oxidizing reagent, such as a
secondary accelerator, can convert this dithiocarbamate to a more active in-situ thiuram
disulfide [44]. It was observed that the rate of vulcanization was greater when thiuram
disulfide was formed in-situ rather than being added externally [44]. This result suggests
that, to improve the kinetics of vulcanization, in-situ conversion of dithiocarbamate to
thiuram disulfide should be preferable.

Figure 3. (a) Swelling index and (b) cross-link density of rubber vulcanizates.

Figure 4. Mutual interaction of thiuram- and thiazole-based accelerators in presence of ZnO
cure activator.
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The different possible steps in the presence of an MgO/ZnO binary curing activator
are given in Figure 5. A similar type of zinc-dithiocarbamate, magnesium-dithiocarbamate
can be formed in step 1 (Figure 5). This dithiocarbamate can undergo synergism with
MBTS to produce higher cross-link density compared to single accelerator systems [42].
However, the number of cross-links achieved based on MgO as a single-site curing activator
is much lower than based on ZnO as a single-site curing activator. It is believed that in
the presence of MgO as a cure activator, a higher amount of magnesium-dithiocarbamate
is formed; however, the resulting compound has no catalytic activity regarding the final
cross-links. However, in the presence of ZnO, the magnesium-dithiocarbamate readily
converts the zinc-accelerator complex of higher reactivity. Depending upon the amount
of ZnO, the amount of conversion is also varied. The beauty of this conversion is that it
produces a higher amount of zinc-accelerator complex at a higher rate than ZnO-only. In the
presence of MgO, due to the higher basicity of MgO, the dithiocarbamate may produce at a
faster rate but it has no catalytic activity with sulfur to form an active sulfurating complex,
and hence it only enhances the rate of vulcanization. In this perspective, MgO can be
assumed as a simple base that stabilizes the thiocarbamic acid and protects it from thermal
decomposition (Figure 4, step 2). In the presence of the MgO/ZnO binary curing activator,
the magnesium-dithiocarbamate finally converts to zinc-dithiocarbamate (Figure 5, step 3)
which improves the cross-linking efficiency as well as the rate of vulcanization. From
the concept of the acid-base theory of weak acids and weak bases, the reaction in step 3
(Figure 5) is highly feasible.

Figure 5. Possible chemical interactions between MgO and ZnO in the binary curing
activators systems.

3.2. Tensile Mechanical Properties

The different tensile mechanical properties are plotted in Figure 6a–f. The most
representative of the average stress-strain curves is provided in Figure 6a for different
vulcanizates. From this figure, we can roughly say that MgO-only as a cure activator
provides a lower overall modulus and higher elongation at break values compared to
other vulcanizates. The specific modulus such as M100 and M300 in Figure 6b,c have
similar trends for all the vulcanizates. It can be noted that the MgO/ZnO binary activator
at a 3:2 ratio of MgO to ZnO provides the best modulus values (0.58 MPa in M100 and
1.36 MPa in M300) among the compounds. Regarding tensile strength in Figure 6d, the
MgO/ZnO binary activator at a 4:1 ratio of MgO to ZnO provides the highest tensile
strength (24.8 MPa). Interestingly, it can be noted that MgO-only as a cure activator can
achieve a similar tensile strength value compared to ZnO as a single-site curing activator
system. The elongation at break values for different compounds is shown in Figure 6e.
From this figure, it can be seen that elongation at break values decreased with the increase of
ZnO content in the binary activator systems. Fracture toughness is an important mechanical
property that is necessarily useful for stretchable electronic applications [52,53]. Regarding
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the toughness value, MgO-only and binary activator systems provide better toughness
values compared to ZnO-only as a cure activator. The highest toughness value (132 MJ/m3)
was obtained for the MgO/ZnO binary activator system at a 4:1 ratio of MgO to ZnO
content. The better toughness values of the binary activator systems might be due to
a better modulus and elongation at break values. From the above discussion, it can be
concluded that a complete ZnO-free vulcanizate can be possible where high toughness is
necessary, sacrificing the modulus values.

Figure 6. Tensile mechanical properties of vulcanized rubber; (a) stress-strain, (b) M100, (c) M300,
(d) T.S, (e) E.B, and (f) fracture toughness.

Boonkerd et al. described the relationship between tensile properties with the number
of sulfur cross-links and the sulfur ranks per cross-link [54]. A greater number of cross-links
with a lower sulfur rank indicate low elongation and a higher modulus. On the other hand,
at similar cross-link density, a higher sulfur rank (i.e., polysulfide cross-links) enhanced the
tensile strength and elongation at break values. It is believed that elongation at break values
is highly dependent on the dispersion of the curatives as well as cross-link density and
sulfur ranks among the cross-links. From the cross-link density measurements and tensile
properties, it can be predicted that higher MgO content provides higher sulfur-ranked
cross-links and excellent dispersion of the curatives. Good dispersion of curatives not
only improves the cross-link density but also enhances the physical bonding between the
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remaining unreacted or vulcanization byproducts and the rubber molecules that have some
contribution to the enhanced mechanical properties. Since the toughness is related to the
number of total linked bonds and their strengths, it can be assumed that the highest number
of linked bonds exist in the MgO-only-activated system reacting with the most sulfur ele-
ments in the system. On the other hand, binary activator systems provide a higher number
of linked bonds as well as a higher number of stronger C-S bonds that assure excellent
toughness and modulus values compared to single-cure activator systems. According to
Borros et al. [33], when both zinc and magnesium existed in the vulcanization, a higher
amount of disulfide linkages were obtained than mono and polysulfide linkages [33]. For
the existence of disulfide linkages in higher amounts in the vulcanized compound [54],
excellent dispersion of curatives (Figure 7), a smaller particle size of MgO, a better modulus
and tensile strength were obtained in MgO/ZnO binary systems. Thus, magnesium oxide
plays an important role in improving the tensile properties, especially the tensile strength
and fracture toughness of the rubber vulcanizates.

Figure 7. SEM micrographs of vulcanized rubber; (a) NR/5-MgO, (b) NR/5-ZnO, and (c) NR/3-
MgO/2-ZnO.

3.3. SEM and EDS-Mapping

The distribution of curatives in the rubber matrix is an important factor that ensures
homogeneity in the cross-link density throughout the rubber compounds. It is believed that
more homogeneity in the cross-links throughout the rubber matrix provides better tensile
properties. Figure 7a–c represents the SEM images of single and binary curing activator
systems. From Figure 7a, it is evident that some curatives remain separated from the matrix
because of their incomplete chemical interactions with the rubber matrix in the presence
of MgO as a cure activator. Similarly, in the presence of a ZnO-only as a cure activator
more curatives remain unreacted and are separated from the rubber matrix (Figure 7b). On
the other hand, the binary curing activator ensures excellent distribution and reactivity
of all curatives, and only a few remain unreacted (Figure 7c). These results are highly
correlated with the improved toughness in the MgO/ZnO binary curing activator systems.
To confirm the homogeneous distribution of curatives in the MgO/ZnO binary curing
activator system, EDS mapping for different elements is performed and is presented in
Figure 8. EDS-mapping for different elements indicates the homogeneous distribution of
curatives for the 3:2 ratio of MgO to ZnO-based binary curing activator system that ensures
better tensile mechanical properties than ZnO-only as a single-site curing activator in the
vulcanization of rubber.
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Figure 8. Particle distribution through EDS-mapping in NR/3-MgO/2-ZnO compound.

3.4. Thermo Gravimetric Properties of Rubber Vulcanizates

The thermal properties of conventional 5 phr ZnO-based vulcanizate were compared
with 5 phr MgO-based and binary curing activators containing 3 phr MgO and 2 phr ZnO-
based vulcanizates. Literature showed that the main products of thermal degradation of NR
are isoprene, dipentene, and p-menthene [55]. The weight losses from ~150 to ~327 ◦C in
Figure 9a,b, are mainly due to decomposition of the un-reacted crosslink precursors, sulfur
cross-links, stearic acid and accelerator, and partial breakage of the rubber backbone [56].
The rapid degradation region from ~350 to ~450 ◦C in the thermal gravimetric analysis
(TGA) curves in Figure 9a represents the main chain breakdown of rubber polymer. This
behavior is clearer on the derivative thermo-gravimetric analysis (DTA) curves in Figure 9b.
From these figures, it is clear that there are no significant differences in the thermal stabilities
of the compounds cured by single MgO and MgO/ZnO binary curing activators compared
to 5 phr ZnO as a single-site curing activator. The comparable thermal stabilities may be
due to better homogeneity in the cross-links and reduced thermal motion of rubber chains
in the presence of MgO [38,57] compared to ZnO-only.

Figure 9. (a) TGA and (b) DTA results of vulcanized rubber.
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4. Conclusions

In this research non-toxic MgO was tested as a cure activator for the sulfur vulcaniza-
tion of rubber. We aimed to reduce the amount of environmentally hazardous ZnO cure
activator without compromising curing and mechanical properties in the vulcanization
of rubber. The curing, mechanical, and thermal properties were investigated to find out
the suitability of the MgO by itself or in combination with ZnO in the vulcanization of
rubber. Results revealed that considering some advancements in properties like curing time,
elongation at break, and fracture toughness, MgO can compete with the conventionally
used ZnO as a cure activator. However, to achieve the present industrial level of cross-
link density, mechanical modulus, and tensile strength, the binary combination of MgO
and ZnO should be used as curing activators. Considerable reductions (60–80%) of ZnO
from the conventional amount could be possible by utilizing an MgO/ZnO-based binary
curing activator system with improved efficiencies in the curing kinetics and mechani-
cal properties with negligible reduction in the thermal stability. For example, 60% MgO
in MgO/ZnO binary activators system provides 0.58 MPa of M100, 23.7 MPa of tensile
strength, 1455% of elongation at break, 126 MJ/m3 of fracture toughness, and 0.85 Nm/min
of vulcanization rate values, which are 7.5%, 20%, 15%, 68%, and 184%, respectively, higher
than the 100% ZnO-based activator system. Investigations on the curing properties suggest
that certain chemical interactions might have happened between the two cure activators
following the paths of accelerators-activators complex formation reactions. Instead of a
single-site curing activator, the proposed binary curing activators could be very useful
in the rubber industries for considerable improvements in the vulcanization kinetics and
tensile properties.
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Abstract: New and soft composites with good mechanical stretchability are constantly addressed in
the literature due to their use in various industrial applications such as soft robotics. The stretchable
magnetic materials presented in this work show a promising magnetic effect of up to 28% and
improved magnetic sensitivity. The composites are soft in nature and possess hardness below 65.
These composites were prepared by mixing silicone rubber with fillers such as graphene nanoplatelets
(GNP), electrolyte-iron particles (EIP), and their hybrid via solution mixing. The final composites
were cured at room temperature for 24 h and their isotropic and anisotropic properties were studied
and presented. The mechanical properties under compressive and tensile strain were studied in
detail. The results show that the compressive modulus was 1.73 MPa (control) and increased to
3.7 MPa (GNP) at 15 per hundred parts of rubber (phr), 3.2 MPa (EIP), and 4.3 MPa (hybrid) at 80 phr.
Similarly, the mechanical stretchability was 112% (control) and increased to 186% (GNP) at 15 phr,
134% (EIP), and 136% (hybrid) at 60 phr. Thus, GNP emerges as a superior reinforcing filler with
high stiffness, a high compressive modulus, and high mechanical stretchability. However, the GNP
did not show mechanical sensitivity under a magnetic field. Therefore, the hybrids containing GNP
and EIP were considered and an improved mechanical performance with magnetic sensitivity was
noticed and reported. The mechanism involves the orientation of EIP under a magnetic field causing
a magnetic effect, which is 28% for EIP and 5% for hybrid.

Keywords: mechanical stretchability; silicone rubber; graphene nanoplatelets; electrolyte iron
particles; compressive modulus; anisotropy

1. Introduction

Stretchable magnetic materials (SMM) consist of composites reinforced with different
types of iron particles and polymers with a mainly elastomeric matrix [1]. SMM have
a stretchable behavior when strained [2]. The mechanical properties of SMM are influenced
by the type of strain [3]. The type of strain can be tensile or compressive in nature [4].
The alternative way of affecting their mechanical properties is through the influence of
a magnetic field [5]. The iron particles present in SMM tend to orient in the direction of the
magnetic field, thereby influencing the mechanical properties of SMM [6].

Such an orientation of the iron particles is also called an anisotropic effect, while the
samples without such an orientation are called isotropic samples [7] (Scheme 1). However,
(a) the influence of the mechanical properties orienting the iron particles or (b) the addition
of iron particles as a source of reinforcement constitute insufficient pathways for obtaining
devices with industrial value [8]. So, other reinforcing fillers must be added to achieve
optimum mechanical properties [9]. These fillers can be carbon black [10], carbon nan-
otubes [11], or graphene [12]. Among them, carbon black is traditionally used as a filler that
improves mechanical properties but is used at a high content [13]. This high content alters
the viscoelastic properties of the samples [13]. Thus, nanofillers such as carbon nanotubes
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or graphene are employed to improve and obtain the desired mechanical properties at
a low filler content [14,15].

 

Scheme 1. Concept of isotropy and anisotropy in magneto-rheological elastomers.

The elastomeric matrix family is quite large, including rubber as one member [16].
The rubber matrix can be synthetic [17] or natural in origin [18]. Rubber with a natural
origin is known as “natural rubber latex”, and is obtained from trees [19]. Synthetic rubber
is dynamic, with vast classes ranging from diene rubber [20] to silicone rubber [21]. Among
them, silicone rubber is more promising than diene rubber in terms of hardness, easy
processing, and easy curing [22]. Silicone rubber is categorized based on the type of vul-
canization, which can be room temperature or high temperature [23]. Among them, room
temperature-vulcanized silicone rubber is more promising due to its versatile behavior,
softness, and curability without the use of sophisticated machines [24].

Nanofillers based on carbon allotropes added to silicone rubber lead to drastic im-
provements in the composites’ mechanical, electrical, or thermal properties [25]. A review
study by Kumar et al. showed that these improved properties may be useful for a range of
soft industrial applications such as strain sensors [26]. The review study by Kumar et al.
showed that among the different ranges of carbon-based nanofillers, CNT and graphene
emerge as the best candidates for reinforcement [26]. These improved properties are due
to (a) the high aspect ratio of these nanofillers [27]; (b) the favorable morphology of these
nanofillers, which allows for their uniform dispersion [28]; and (c) the high interfacial area
of these nanofillers, which enables high stress-transfer from polymers to these nanofillers
in composites [29].

Moreover, a silicone rubber matrix filled with iron particles may be useful for “magneto-
rheological elastomers” [30] or SMM, in which mechanical properties can be influenced
by switching magnetic fields, as performed in this work [1,30]. The mechanism behind
such an increase is the orientation of the iron particles in the direction of a magnetic field,
thereby forming a chain-like structure and influencing the mechanical properties such as
the modulus [31]. Another way to improve these mechanical properties is to add a re-
inforcing filler along with iron particles to obtain high-performance SMM [32,33]. Thus,
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graphene nanoplatelets were used in the present work along with electrolyte iron particles
in a silicone rubber matrix.

Various studies have been reported that show the use of binary carbon-based rein-
forcing fillers such as carbon nanotubes [34], graphene [35], or carbon black [36] along
with different types of iron particles in the rubber matrix to obtain SMM [1,34–36]. These
studies show that the incorporation of secondary fillers based on carbon not only improves
mechanical performance but also does not influence the magnetic sensitivity exhibited
by the iron particles [37]. This study is an advancement from the previously reported
studies because it studies the anisotropic effects of fillers at a high magnetic field of 1 Tesla,
wherein the effect of the orientation of EIP on the dispersion of GNPs was correlated. More-
over, hybrid composites were also prepared in this study that investigates the composites’
possible synergistic effects and their relation to the improvement of various mechanical
properties. We hypothesize that the hybrid composite possesses the advantages of a higher
compressive modulus, increased reinforcing effects, and optimum magnetic sensitivity,
while EIP possesses the advantages of an increased magnetic effect, which was supported
experimentally in this work.

2. Materials and Methods

2.1. Materials

The RTV-silicone rubber was used as a rubber matrix in the present work and was
purchased from Shin-Etsu Chemical Corporation Limited, Tokyo, Japan. Its commercial
name is “KE-441-KT”, and it is transparent in nature. The vulcanizing agent used in the
present work was “CAT-RM”, which was purchased from Shin-Etsu Chemical Corporation
Limited, Tokyo, Japan. The graphene nanoplatelets were used as a reinforcing nanofiller
in the present work. Their commercial name is “XG C750” and they were purchased
from XG Science, Lansing, MI, USA. The nanoplatelets had a total surface area of around
750 m2/g, lateral dimensions from 500 nm–1 μm, and thickness of 1–2 nm. The micron-size
electrolyte iron particles (EIP) with the commercial name “Fe#400” were obtained from
Aometal Corporation Limited, Gomin-si, Korea. The average particle size of each EIP
is >10 μm, with each particle possessing an irregular shape, being light greyish in color,
possessing a density of 2–3 g cm−3, and a purity of 98.8% iron, while other traces of carbon,
oxygen, and nitrogen were also found. All the materials were used in a pristine state
without any further purification. The mold-releasing agent was purchased from Nabakem,
Pyeongtaek-si, Korea.

2.2. Fabrication of Rubber Composites

The steps of composites’ preparation were optimized and reported in previous stud-
ies [38]. The procedure involved spraying the molds with mold-releasing agents and then
drying them at room temperature for 3 h. In the next step, the liquid RTV-SR rubber was
poured into a beaker and a known amount of filler (Table 1) was mixed in. Rubber–filler
mixing was performed for around 10 min. Next, the known amount of vulcanizing agent
was added to the sample and mixed for nearly 1 min. Then, the composite was added to
the molds and kept for 24 h at ambient conditions before the vulcanized composite was
ready (Scheme 2) for testing of mechanical and anisotropic properties.

Table 1. Fabrication of the different rubber composites.

Formulation RTV-SR (phr) GNP (phr) EIP (phr) Vulcanizing Solution (phr)

Control 100 - - 2

RTV-SR/GNP 100 5, 10, 15 - 2

RTV-SR/EIP 100 40, 60, 80 2

RTV-SR/Hybrid 100 5, 10, 15 35, 50, 65 2
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Scheme 2. Schematic of the formulation of different types of composites.

2.3. Characterization Technique

The nanofiller’s morphology and its dispersion in the rubber matrix were studied by
SEM (S-4800, Hitachi, Tokyo, Japan). The composite specimen was sectioned to a thickness
of 0.5 mm using a surgical blade and then placed on the SEM stub before the coating
process was initiated. The SEM samples were coated with conductive platinum for 2 min to
make the surface of the samples electrically conductive. The mechanical properties under
compressive and tensile strain were studied using a universal testing machine (UTS, Lloyd
Instruments, Bognor Regis, UK). The mechanical properties under compressive strain were
measured at a 4 mm/min strain rate and under a load of 0.5 kN using cylindrical samples.
These cylindrical samples were 10 mm in thickness and 20 mm in diameter. The maximum
strain of 35% was applied to these cylindrical samples as higher strain leads to fracture of
the sample. The tests of the mechanical properties under tensile strain were performed at
a strain rate of 100 mm/min on a dumbbell-shaped sample with a gauge length of 25 mm
and thickness of 2 mm. The tensile specimens were strained until fracture and their
mechanical parameters such as their moduli, tensile strength, or fracture strain were
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estimated. These mechanical properties were obtained following DIN 53 504 standards.
The anisotropic magnetic properties were studied at 1 T by placing the specimen inside
a magnetic field for 90 min.

3. Results and Discussion

3.1. Morphologies of Nanofillers

The morphology of the nanofillers used as a reinforcing agent in the rubber matrix
is known to affect the properties of composites [39]. Therefore, the morphology of the
fillers was studied and is presented in Figure 1. Figure 1a shows the typical platelet-like
morphology of GNPs. The platelets in the graphene nanoparticles were three-dimensional
in nature [40]. The particle size in the lateral dimension was in the range from 500 nm–1 μm,
and the thickness of 1–2 nm led to a very high aspect ratio. This high aspect ratio pro-
vides very high mechanical, electrical, and thermal properties when added as filler in
the composite [41,42]. It is also expected that the high aspect ratio of GNPs leads to the
formation of long-range and connective filler networks throughout the rubber matrix [43].
These filler networks with filler–filler and polymer–filler interactions within the composite
significantly improve mechanical properties [44]. GNPs have a strong lubricating effect
and are known to improve the fracture strain of the composites [45]. The GNPs’ structure
includes the 3-D arrangement of 2-D graphene sheets held together by weak Vander Waals
forces. On the other hand, EIP are micron-sized particles—namely, with sizes in the range
of 10–12 μm—possessing a 3-dimensional morphology. These particles are magnetically
active and algin themselves in the presence of a magnetic field in the composite. This
behavior of these iron particles makes them promising in terms of their anisotropic effects
and potential magnetic sensitivity applications [46]. The micron-sized EIP are rough, have
an irregular shape, and can be easily aligned under a magnetic field. This anisotropic
property of EIP leads to an improvement in the mechanical properties of the composites
and will be discussed in the coming sections.

Figure 1. SEM images: (a) GNPs; (b) EIP.

3.2. Filler Dispersion Analyzed through SEM Microscopy

The effect of the filler dispersion on the properties of the composites is well-known.
It is also known that composites with a uniform filler dispersion exhibit more optimum
properties than those with aggregated fillers or non-uniform dispersion. Thus, the study
of the filler dispersion in composites is a key aspect for ascertaining their properties. In
this study, the filler dispersion was studied through SEM images. A number of images
were studied, and their representative images are presented in Figure 2. Figure 2a–c show
SEM images of the control sample. It is evident that there are no filler particles, as expected.
Then, different types of fillers such as GNP, EIP, or their hybrids were added, and their
dispersion was studied. From Figure 2d–f, it was found that the GNP particles are dispersed
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uniformly while very few aggregates can be noticed at a high resolution, as in Figure 2e.
However, the influence of these aggregates is not severe enough to affect the composites’
properties. So, the properties of the GNP-filled composites were expected to be higher,
and were studied, as shown in Figures 3–6. Figure 2g–i shows the dispersion of EIP in the
rubber matrix. It can be observed from the SEM images that the EIP are also uniformly
distributed. However, due to the large particle size of the EIP, the surface roughness was
higher and there were fewer EIP when compared to the GNPs’ particle distribution in the
composites. Similarly, the distribution of the hybrid filler was studied in Figure 2j–l. It
was found that, in general, the GNP particles are found in the vicinity of the EIP, and the
interfacial interaction of the EIP in the composites could be improved by the GNP particles.
So, a sort of synergistic aspect was generated in their dispersion and this led to better
properties in the hybrid composites.

Figure 2. SEM of composites: (a–c) control; (d–f) 10 phr of GNPs (g–i) and 60 phr of EIP; (j–l) 60 phr
of hybrid.
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Figure 3. Compressive stress–strain profiles: (a) GNP; (b) EIP; (c) hybrid; (d) compressive modulus
for different fillers.

Figure 4. Cont.
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Figure 4. Stress–strain profiles under tensile strain: (a) GNP composites; (b) EIP composites;
(c) hybrid composites; (d) tensile modulus of different composites; (e) tensile strength of differ-
ent composites; (f) fracture strain of composites.

Figure 5. Cont.
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Figure 5. The experimental values compared to the theoretical modeling: (a) compressive modulus
and prediction through models; (b) tensile moduli and their prediction through models; (c) hardness
of different composites.

 

Figure 6. (a) Compressive-reinforcing factor of composites; (b) tensile-reinforcing factor of composites;
(c) compressive-reinforcing efficiency of composites; (d) tensile-reinforcing efficiency of composites.
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3.3. Mechanical Properties under Compressive Strain

Composites’ mechanical properties depend on the distribution of the filler [47]; the
filler’s characteristics [48], such as the type of filler, the nature of the filler, the shape of
the filler, the size of the filler, or the filler’s aspect ratio; the cross-linking density of the
curatives [49]; the type of rubber matrix [50]; and the type of applied strain under which
the mechanical properties are tested [51]. Herein, fillers with different characteristics were
used in silicone rubber and their effects on the rubber’s mechanical properties were tested.
Figure 3a–c provide the compressive stress–strain behavior of the composites with different
types of fillers and their hybrids. All the stress–strain profiles show that the stress increases
with an increase in the compressive strain. This trend is attributed to an increase in the
packing fraction of the polymer chains and filler particles with the increasing compressive
strain [51]. This process increases the stiffness in the composite, thereby leading to higher
compressive stress at a higher level of compressive strain. It is also interesting to note
that the GNP-filled composites show higher compressive strain values at all strain levels,
even at lower filler loadings. These results agree with the results obtained for GNPs
in the literature [52]. This phenomenon is due to the higher aspect ratio of the GNPs,
which induces improved filler networking of the GNPs in the composites leading to higher
compressive stress [52]. It is also interesting to note that the hybrid composite shows
improved stress resistance, which could be due to the higher filler loading and synergism
among the binary filler particles in the composite [53].

The behavior of the compressive modulus at different filler loadings is presented in
Figure 3d. The GNPs show excellent modulus values—even at a lower loading—than the
EIP. This is attributed to (a) the high aspect ratio of the GNPs, which led to the formation of
continuous filler networks throughout the rubber matrix even at a lower filler loading [52];
(b) the high surface area of the GNPs, which leads to the availability of a higher interfacial
area that allows for better stress transfer from the polymer to the filler particles [54]; and
(c) the high levels of filler–filler and polymer–filler interactions due to the presence of
the large interfacial area and small particle size of the GNPs [55]. Moreover, the hybrid
specimen shows a significantly higher compressive modulus than the EIP at the same filler
loading. This can be attributed to (a) the higher reinforcing ability of the GNPs in the
hybrid filler that leads to a remarkable increase in the compressive modulus, and (b) the
favorable positive synergism among the binary fillers that leads to a remarkable increase in
the compressive modulus [53]. In the end, the EIP show poor reinforcing properties in all
the composites. This is attributed to (a) the micron-sized particles that lead to poor stress
transfer even at high filler loadings and their small aspect ratio that leads to the formation
of non-efficient and discontinuous filler networks.

3.4. Mechanical Properties under Tensile Strain

The stress–strain behavior of the different composites was studied and presented
in Figure 4a–c. For all the composites, it was witnessed that the stress increases with
the increasing strain until fracture. This behavior was attributed to improved interfacial
interaction between the filler and rubber matrix [56]. The increase in tensile strain leads to
filler particles and polymer chains oriented against the direction of the applied strain [57].
This causes mechanical resistance against the applied strain and leads to an increase in
stress with the increasing strain [58].

It is also interesting to note that the GNP-based composites show higher tensile stress
and fracture strain at the applied strain than EIP and the hybrid composites. The improved
stress is due to the efficient filler networking that allows for better stress transfer within the
composites [59]. The improved fracture strain is due to the lubricating effect of the GNPs,
which is higher with a higher number of GNPs [60].

The behavior of other mechanical properties such as the moduli (Figure 4d), tensile
strength (Figure 4e), and fracture strain (Figure 4f) are presented. Among all the experi-
mental data, the control sample shows the lowest mechanical strength and stiffness. This
is due to the absence of reinforcing fillers in virgin rubber. Besides this, it was found that
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GNP exhibited outstanding performance among all the fillers studied irrespective of the
smaller loadings, showing values of up to 15 phr greater than EIP and their hybrid at
80 phr. The tensile modulus was higher for the GNP-filled composites followed by the
hybrid composites and was lowest for the EIP-filled composites. This result is attributed to
the high reinforcing effect of the GNPs due to their favorable morphological features such
as a high aspect ratio [61].

The EIP show poor properties due to their poor reinforcing effects resulting from their
poor morphological features, such as their large particle size and small aspect ratio. The
hybrid specimen shows medium modulus values, which are higher than the EIP and lower
than the GNPs. This is due to the semi-effect of the GNPs in the hybrid composite that
forms synergism among the GNPs and EIP in the hybrid specimen. Moreover, as expected,
the tensile strength and fracture strain were also superior for the GNP-based filler. This
behavior agrees with the mechanical performance obtained in Figures 3 and 4a–d. The
higher tensile strength is due to the improved filler network formation of the GNPs, its
interaction with the rubber matrix, and its ability to achieve good stress transfer from the
rubber matrix to GNP particles [62]. The improved fracture strain of the GNPs is due to
their lubricating effect and favorable platelet morphology that form three-dimensional
networks in the rubber matrix, leading to higher fracture strain.

3.5. Theoretical Models and Hardness of Composites

The prediction of mechanical properties is a well-known subject of research in the
literature [63]. These models help to estimate the deviation of experimental results from
theoretical models. The existing theoretical models such as the Guth–Gold Smallwood
equations [64,65] were used in the present work to understand their deviation from the
experimental findings. These models are known to depend on the aspect ratio of fillers
such as GNP or EIP for the one component and the hybrid for the two-component system,
the filler volume fraction of the fillers, and their interactive factors, especially for the hybrid
two-component system. The Guth–Gold Smallwood equations for a one and two-component
system [66] are as follows:

EGNP = Eo (1 + 0.67fGNPφGNP) (1)

EEIP = Eo (1 + 0.67fEIPφEIP) (2)

EGNP+EIP = Eo [(1 + 0.67fGNPφGNP) + (1 + 0.67fEIPφEIP)] × a (3)

where Eo is the modulus of the control composite, EGNP is the predicted modulus for GNP,
EEIP is the predicted modulus for EIP, EGNP+EIP is the predicted modulus for the hybrid
filler, fGNP is the aspect ratio of GNP, fEIP is the aspect ratio of EIP, φGNP is the volume
fraction of GNP, φEIP is the volume fraction of EIP, and a is the interacting factor of the
binary fillers in the composite.

From Figure 5a,b, it is evident that our experimental data are in good agreement with
the theoretical models, except for the hybrid data of the tensile modulus in Figure 4b. The
agreement of the experiments with the theoretical model confirms that the experimental
data are reliable and is an important contribution to the composite field. However, the
deviation of the hybrid modulus with the predicted modulus in Figure 5b after 60 phr
could be due to the aggregation of the binary fillers that leads to a decrease in the modulus
and the deviation of the results. In principle, the model assumes perfect dispersion and
perfect filler–polymer interaction, which are hard to establish experimentally. So, few
results deviate from the predicted model [66,67].

The hardness of the composites was studied to determine whether each filled compos-
ite was hard or soft in nature. In many cases, if the hardness of the composites falls below 65,
it is termed a soft composite [68]. These soft composites can be useful for industrial appli-
cations such as soft robotics [69]. In the present work, the hardness of different composites
was studied and is presented in Figure 5c. It was found that the GNP composite shows
a more robust hardness increase with the addition of GNPs compared to the hybrid and
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EIP. The higher hardness in the GNP composite can be attributed to the higher reinforcing
effect of GNPs, which is due to favorable features such as their high aspect ratio. These
results agree with the mechanical data presented in Figures 3 and 4 in the mechanical
properties section.

3.6. Reinforcement by Particulate Nanofillers

The reinforcing factor and reinforcing efficiency of the different composites under
compressive and tensile strain were studied and are presented in Figure 6. The reinforcing
factor was calculated by

R.F. =
EF
Eo

(4)

where R.F. is the reinforcing factor, EF is the modulus of the filled composites, and Eo is the
modulus of the control specimens. Similarly, the reinforcing efficiency [70] was calculated:

R.E. at compressive strain =
σ (35%)filled − σ (35%)unfilled

wt% of filler
(5)

R.E. at tensile strain =
σ (100%)filled − σ (100%)unfilled

wt% of filler
(6)

where R.E. is the reinforcing efficiency; σ is the stress at a particular strain, which is 35%
for compressive strain and 100% for tensile strain; and wt% is the weight of the filler. The
compressive and tensile R.F. (Figure 6a,b) show that the GNPs have a significant reinforcing
effect over the EIP-filled composites. This can be attributed to the small particle size of the
GNPs that disperse in the rubber matrix in a highly exfoliated state [71].

Besides this, the EIP have a poor reinforcing effect due to their large particle size, which
is dispersed unevenly in the rubber matrix. The filler networks are also more efficient in
the GNP-filled composites than in the EIP-reinforced ones. These results agree with the
mechanical properties studied in Figures 3–5. Moreover, the compressive and tensile R.E.
(Figure 6c,d) also show a superior reinforcing effect of the GNPs in the rubber matrix. These
results agree with the results presented in the mechanical properties section in Figures 3–5.
It is also interesting to note that the R.E. decreased with an increase in the filler loading. This
trend can be explained by Equations (5) and (6), wherein the R.E. is inversely proportional
to the filler loading [70]. So, when the filler loading increases, the R.E. decreases for all the
filled composites. It is noteworthy that the hybrid shows higher R.E. than the EIP-filled
composites at all filler loadings. This can be attributed to the synergism between the binary
fillers in the hybrid composite. The EIP-filled composites show poor R.E. at all loadings
due to their poor aspect ratio and large particle size that is unevenly distributed in the
rubber matrix even at large filler loadings of 60–80 phr.

3.7. Anisotropic Magnetic Effect in Mechanical Properties

The iso-anisotropic stress–strain curves are presented for the EIP-filled composites
(Figure 7a) and hybrid composites (Figure 7b). Two types of effects were noticed from
the stress–strain profiles: (a) a stress change due to the effect of the magnetic field in the
composites, and (b) a stress change due to a change in the compressive strain [72,73]. The
first change in stress under a magnetic field is due to the orientation of EIP in the direction
of the magnetic field, which leads to a change in compressive stress. The second change
in stress under compressive strain is due to the packing of filler particles, which increases
with the increases in stress, as described previously in Figure 3.

Figure 7c shows the behavior of the compressive modulus in the presence and absence
of a magnetic field. It can be seen that when the composites containing EIP or the hybrid
were subjected to a magnetic field, the compressive modulus increased. This increase in
the compressive modulus could be due to the orientation of the iron particles forming
chain-like structures in both the EIP and hybrid composites [74]. Such an effect is also
called the anisotropic effect, as described in Figure 7d. The anisotropic effect is defined as
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an effect in which a change in mechanical stiffness occurs when isotropic composites are
subjected to a magnetic field [75].

 

Figure 7. Iso-anisotropic compressive stress–strain behavior at 60 phr and 1 T magnetic field of
(a) EIP filled composites; (b) hybrid-filled composites; (c) compressive modulus for different compos-
ites; (d) anisotropic effect of different composites.

It is interesting to note that the anisotropic effect was higher for the EIP-filled compos-
ites than for the hybrid composites, even though the modulus was higher in the hybrid
composites. The higher anisotropic effect in the EIP is due to the greater number of vacan-
cies in the composite containing EIP, which allows them to orient freely thereby causing
a higher degree of uniform orientation. On the other hand, the GNPs in the hybrid occupy
almost all the vacancies, thereby making it difficult for the EIP to align. Due to this reason,
the anisotropy was higher in the EIP than in the hybrid composites.

3.8. Mechanism of the Anisotropic Magnetic Effect

Different types of filler–polymer microstructures are formed in the presence and
absence of a magnetic field. In the present work, the magnetic field was applied in the
pre-curing state of the composite. The magnitude of the magnetic field was 1 T, and the
duration of the field was 90 min. It was found from the tests that the EIP are oriented in
the direction of the magnetic field, thereby influencing their mechanical properties such as
their moduli, as presented in Figure 7.

The mechanism involves the presence of a restorative force that opposes the field-
aligned orientation of the magnetic particles in the composites. Therefore, the magnetic
field should be higher than this restorative force to orient the magnetic EIP. It is clear
from Figure 8 that the restorative force in the case of the hybrid filler is higher than in the
EIP-filled composites. So, under the same magnetic field, the degree of orientation of the
EIP is lower in the hybrid composites than in the EIP composites.
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Figure 8. Mechanism of isotropic and anisotropic effects.

There are three stages of the microstructure formation of the filler and polymer chains
in the composites during the curing process. These processes are (a) the isotropic stage, in
which the filler particles are randomly distributed in all the composites investigated (0 T
of magnetic field); (b) the intermediate stage, in which the EIP or magnetic particles are
partially oriented at 1 T of the magnetic field; and (c) the mature or anisotropic stage, in
which the EIP orientation attains maturity and the magnetic exposure of 90 min—as in
the present work—is achieved. The isotropic and anisotropic effects on the mechanical
properties are presented in Figure 7. The alignment of the EIP under a magnetic field
could be due to several reasons. However, the key factors that influence their orientation
could be (a) the morphology, shape, size, and polymer–filler interactions in the composite;
(b) the occurrence of a field-induced dipole among the magnetic filler particles [76]; or
(c) the filler networking density, which significantly affects the orientation of the mag-
netic filler particles. These features of MREs are useful for various applications such as
electromagnetic absorbers and various other functions as reported in the literature [77–80].

4. Conclusions

The robust performance of the stretchable magnetic materials is presented in this work.
After the successful preparation of the composites by solution mixing, the mechanical
properties of the composites were studied in the presence and absence of a magnetic field.
The mechanical properties were investigated under compressive and tensile strain. The
results obtained from these mechanical properties show that both the compressive modulus
and mechanical stretchability increase with an increasing filler content, wherein GNPs
emerge as an outstanding filler material. For example, the compressive modulus was
1.73 MPa (control) and increased to 3.7 MPa (GNP) at 15 per hundred parts of rubber (phr),
3.2 MPa (EIP), and 4.3 MPa (hybrid) at 80 phr. Similarly, the mechanical stretchability was
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112% (control) and increased to 186% (GNP) at 15 phr, 134% (EIP), and 136% (hybrid) at
60 phr. Moreover, the GNPs show a higher reinforcing factor and reinforcing efficiency;
however, the GNPs lack magnetic sensitivity due to a lack of iron particles and are not
suitable for stretchable magnetic materials. Therefore, EIP and a GNP hybrid were prepared
and studied. The mechanism involves the orientation of EIP under a magnetic field causing
a magnetic effect, which is 28% for EIP and 5% for the hybrid. Thus, EIP and the hybrid-
filled composites emerge as promising candidates for stretchable magnetic materials, which
is the main theme of this work.
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Abstract: In this study, a series of bio-based thermoplastic polyurethane (TPU) was synthesized via
the solvent-free one-shot method using 100% bio-based polyether polyol, prepared from fermented
corn, and 1,4-butanediol (BDO) as a chain extender. The average molecular weight, degree of phase
separation, thermal and mechanical properties of the TPU-based aromatic (4,4-methylene diphenyl
diisocyanate: MDI), and aliphatic (bis(4-isocyanatocyclohexyl) methane: H12MDI) isocyanates were
investigated by gel permeation chromatography, Fourier transform infrared spectroscopy, atomic
force microscopy, X-ray Diffraction, differential scanning calorimetry, dynamic mechanical thermal
analysis, and thermogravimetric analysis. Four types of micro-phase separation forms of a hard
segment (HS) and soft segment (SS) were suggested according to the [NCO]/[OH] molar ratio and
isocyanate type. The results showed (a) phase-mixed disassociated structure between HS and SS,
(b) hydrogen-bonded structure of phase-separated between HS and SS forming one-sided hard
domains, (c) hydrogen-bonded structure of phase-mixed between HS, and SS and (d) hydrogen-
bonded structure of phase-separated between HS and SS forming dispersed hard domains. These
phase micro-structure models could be matched with each bio-based TPU sample. Accordingly,
H-BDO-2.0, M-BDO-2.0, H-BDO-2.5, and M-BDO-3.0 could be related to the (a)—form, (b)—form,
(c)—form, and (d)—form, respectively.

Keywords: thermoplastic polymer; bio-based polyurethane; polymerization; biomaterials;
micro-phase separation

1. Introduction

Nowadays, thermoplastic polyurethanes (TPUs) are one of the most consumed fam-
ilies of polymers worldwide. These unique polymeric materials with a wide range of
physical and chemical properties are broadly used in paints, coatings, synthetic rubbers,
foams, fibers, adhesives, and packaging and in numerous fields such as the automotive
industry, consumer or domestic equipment, construction engineering and biomedical ap-
plications [1–3]. The performances and properties of TPUs depend on the chemical nature
of the reacting components and the utilized processes. Thus, by tailoring these factors,
the TPUs can exhibit many useful properties, including modulable flexibility, elasticity,
strength, good abrasion resistance, and high transparency [4]. TPUs are characterized by a
segmented-block structure that is composed of a hard segment (HS; adduct of isocyanates
and chain extender) and a soft segment (SS). Aliphatic and aromatic isocyanates are used to
synthesize TPUs [5]. In addition, the choice of chain extender determines the characteristics
of the HS and predominantly the physical properties of the TPU, and a low-molecular-
weight diol or diamine is mainly used. The most important chain extender for the TPU is
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linear glycols such as 1,3-propandiol (PDO) and 1,4-butanediol (BDO). A SS introduces flex-
ibility consisting of polyols (polyether or polyester polyols). Polyols constitute more than
half of the total composition of the TPU and poly(ethylene glycol), poly(propylene glycol),
poly(tetramethylene glycol) and poly(tetrahydrofuran) are commonly used polyether poly-
ols, which are petrochemical-based. The synthesis of TPUs, including isocyanates, polyols,
catalysts, and additives, and their application require abundant volatile organic compounds
and emit hazardous pollutants that cause severe environmental pollution [6,7]. Since the
application of TPU is increasingly extensive, decreasing the petrochemical monomers and
energy required for polymerization and processing is becoming significant. The chemical
industry is exploring new solutions based on natural raw materials, and, recently, the grow-
ing interest in applying bio-based substrates as a primary component in TPU synthesis is
rapidly increasing. The new trend involves the replacement of petrochemical polyols and
chain extenders used in synthesizing TPUs with materials obtained from biomass, including
polysaccharides [8], sugars (such as xylose, mannose, glucose, galactose, and idose) [9,10],
lignin [11], and vegetable oils [12,13] (such as soybean oil [14], castor oil [15], rubber seed
oil [16], and palm oil [17]. Although vegetable oils are triglycerides, the esterification
product of glycerol with three fatty acids, they do not possess suitable hydroxyl groups
for polyurethane manufacture in many cases [4]. Moreover, after chemical modification,
most vegetable oil-based polyols contain more than two hydroxyl groups or free long-chain
fatty acids, which limits their application as the starting material for TPU elastomers [18].
Currently, bio-based polyols are used often for polymer production. This study concerns
bio-based TPUs obtained using 100% bio-based polyether polyol, PO3G (Poly trimethylene
ether glycol, SK Chemical). This polymer is linear with a molecular weight of 1000 g/mol
and has excellent biodegradability and thermal and oxidation stability [19].

Using a diisocyanate, polyol, and low-molecular chain extender, the TPUs can be
synthesized using two methods, particularly a one-shot and a pre-polymer process [20].
In the pre-polymer process, polyols and isocyanates first react to form an isocyanate-
terminated pre-polymer, followed by the second step of chain extension by adding the
chain extender. Numerous TPU elastomers and all polyurethane-ureas are prepared via
NCO pre-polymer intermediates. This method allows the complete reaction (even of low-
reactivity polyether diols) in the absence of catalysts and the intentional preparation of a
segmented structure. Conversely, in the one-shot process, the starting materials are mixed
in a reactor, and polymerization is performed. This process, which is conducted without
solvents, is generally rapid, particularly in the presence of catalysts. Therefore, formed
materials, for example, are prepared to utilize the one-shot process by mixing the reactants
directly with additives [21]. The reaction is exothermic and is substantially terminated
within 2–30 min, depending on the catalyst applied.

TPUs are block copolymers with a specific organization of HSs and SSs, and this
segmented structure is the key feature of the TPU molecular chain [22,23]. The HS (may be
glassy or semicrystalline) is typically composed of a rigid diisocyanate and a chain extender
(for example, a short polyol) [24,25]. However, even for isocyanate compounds with the
same NCO, each compound has a different molecular shape and property. Hence, the fields
wherein each compound is applied are also different. Due to the thermodynamic incom-
patibility between the two structural units, the polymers undergo microphase separation
resulting in HS domains dispersed in the SS matrix [26,27]. Moreover, the incompatibility
results in a characteristic microphase-separated structure of TPU, with hard domains acting
as the tie points for the flexible SS phase. The microphase separation of these two chemically
distinct components generates unusual and useful physical and mechanical properties of
TPUs. This phase separation between HSs and SSs occurs rapidly and simultaneously with
polymerization and results from the thermodynamic immiscibility between the rigid and
soft phases, forming microphases bound together by hydrogen bonding [28,29]. Since a
wide range of monomeric materials is now commercially available, extensive investigations
have been devoted to the structure-property relationships of TPUs, and tailor-made proper-
ties can be obtained from well-designed combinations of monomeric materials. The lengths
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and chemical structures of HS and SS, including the soft/hard segment [30,31], diisocyanate
symmetry [25,32], ability hydrogen bonding ability, and crystallinity of soft/hard phase
domains, and the synthesis and processing methods [33,34] are important features that
determine the phase separation and physical properties of TPUs. In TPUs, the observed
domain morphology and microphase separation are strongly related to the hydrogen bond-
ing of HSs and their crystallization kinetics [3,35]. The structures and properties of TPUs
are known to change as a function of temperature. These changes have been extensively
investigated by thermal analysis [36,37], spectroscopy [38,39], dynamic mechanical analy-
sis [21,25,32], wide-angle X-ray diffraction [30,40], and small-angle X-ray scattering [41].
Numerous studies have reported the relationship between the mechanical and thermal
properties and the microphase structure of TPUs [42,43]. Although the combination of HS
and SS of the TPU can have various morphologies depending on the synthesis conditions,
studies that clearly define the difference in the morphology according to the synthesis
conditions are insufficient. Therefore, in this study, we presented various models according
to the [NCO]/[OH] molar ratio and isocyanate type. The present contribution is aimed
at TPU synthesis based on bio-based polyol using the one-shot process and controlled
microphase separation structure according to the HS type (diisocyanate symmetry) and HS
contents. Thus, this study focuses on: (1) the effect of increased bio-content on the synthesis
and (2) the effect of SSs or HSs (with different [NCO]/[OH] molar ratios, isocyanate type
(MDI, H12MDI)) on the surface (morphological behavior and hydrogen bonding), crys-
tallinity, molecular weight, and thermodynamical and mechanical properties. Through this
analysis, (3) several types of micro-phase-separated in a two-phase system as the HS and SS
matrix were modeled, depending on the [NCO]/[OH] molar ratio and the isocyanate type
when synthesizing TPU. The combination of spectroscopy, X-ray scattering, microscopy,
and thermal and mechanical analyses was used to characterize these complex materials
in detail.

2. Materials and Methods

2.1. Synthesis of Bio-Based Thermoplastic Polyurethanes

We prepared different segmented TPUs by changing the [NCO]/[OH] molar ratio
and content of the HS. The HS consisted of 4,4-methylene diphenyl diisocyanate (MDI)
and dicyclohexylmethane diisocyanate (H12MDI) as diisocyanate and BDO as the chain
extender; the SS consisted of PO3G. TPUs were synthesized using a solvent-free one-shot
polymerization procedure (Figure 1). The molar ratio of the OH groups of the polyol,
NCO groups of the MDI or H12MDI, and OH groups BDO was maintained at 1:2.0:1,
1:2.5:1, and 1:3.0:1, respectively, and the resulting TPUs were identified (Table 1). The MDI
that had been frozen was melted in the oven at 80 ◦C for 4 h. In the one-shot method,
the PO3G polyols (Mn = 1000) and the chain extender BDO were thoroughly mixed in
polypropylene beakers using a mechanical stirrer, which was then placed in the oven to
maintain the temperature of the reaction mixture at 80 ◦C. Next, diisocyanate H12MDI or
MDI and the catalyst dibutylin dilaurate (0.03 wt%) were added to the reaction mixture
and mechanically stirred at room temperature (20–25 ◦C) for 1–2 min. As the mixture
was stirred and polymerized, the transparent liquid became opaque, and the TPU was
subsequently obtained. The reaction mixture was then poured into a Teflon-coated pan,
cured in an oven at 100 ◦C for 24 h, and then kept to complete polymerization.

243



Polymers 2022, 14, 4269

Figure 1. A schematic representation of the bio-based thermoplastic polyurethane (TPU) synthesis.

Table 1. The formulation design of bio-based TPU samples.

Sample Diisocyanate OH/NCO/OH
Hard Segment
(HS) Content

(wt%) a

Content of
Bio-Based

Sources (wt%) b

H-BDO-2.0 H12MDI 1:2.0:1 36.9 63

H-BDO-2.5 H12MDI 1:2.5:1 41.5 59

H-BDO-3.0 H12MDI 1:3.0:1 45.5 55

M-BDO-2.0 MDI 1:2.0:1 33.3 67

M-BDO-2.5 MDI 1:2.5:1 37.6 62

M-BDO-3.0 MDI 1:3.0:1 41.4 59
a Hard segment concentration is defined as the ratio of the mass of non-polyol components to the total mass;
b Bio-content is defined as the ratio of the mass of bio-based components to the total mass.

The final product was pressed at 180 ◦C for 5 min to obtain a film. All bio-based TPU
films with 0.5–1 mm thickness were shown transparent white, and the light transmittance
values of the H_BDO- and M_BDO-series ranged from 60–73% and 35–68%, respectively.
After cooling to room temperature, the sheet was removed from the mold and used for
further structural, thermal, and mechanical testing and characterization. All the reagents
were of analytical grade and used without further purification. Detailed information on the
materials is listed in Table 2.

Table 2. Characteristics, structures, and molecular weights of the pure materials used in bio-based
TPU synthesis.

Reagent Name Supplier Description Molecular Structure

Polytrimethylene
ether glycol (PO3G) SK chemical, Korea

100% bio-based polyether polyol
(1,3-propanediol based) by corn oil

Mw 1000 g/mol, hydroxyl
number = 53.4–59.0, Tm = 16–18 ◦C
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Table 2. Cont.

Reagent Name Supplier Description Molecular Structure

Dicyclohexylmethane
diisocyanate (H12MDI)

Sigma Aldrich,
Germany

Aliphatic diisocyanate,
Mw 262.35 g/mol

4,4′-Diphenylmethane
diisocyanate (MDI)

Sigma Aldrich,
Germany

Aromatic diisocyanate,
Mw 250.25 g/mol

1,4-Butanediol (BDO) Sigma Aldrich,
Germany

Chain extender,
Mw 90.122 g/mol

Dibutylin dilaurate
(DBTDL)

Sigma Aldrich,
Germany Catalyst, Mw 631.56 g/mol

 

2.2. Characterization
2.2.1. Molecular Characteristics

The number average (Mn) and weight average (Mw) molecular weights and the
polydispersity index (PDI) were measured by gel permeation chromatography (GPC) using
a Viscotek GPCmax (VE-2001 system, Malvern, Worcestershire, UK). To test the solubility of
the synthesized bio-based TPU in organic solvents, THF was used and applied to a mobile
phase solvent. The column was 300 × 810 mm and the flow rate was 1 mL min−1 at 60 ◦C.

2.2.2. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared (FT-IR) analyses were performed using a Nicolet Nexus FT-IR
spectrometer (PerkinElmer, Shelton, CT, USA) over the wavelength range of 400–4000 cm−1,
equipped with an attenuated total reflectance accessory.

2.2.3. Atomic Force Microscopy (AFM)

The surface morphology of TPU films was investigated using an Inova system (Bruker,
Billerica, MA, USA), equipped with a standard silicon nitride probe, SuperSharpSilicon™-
SPM-Probe (NanoSensors™, Zurich, Switzerland; spring constant 42 N and resonant
frequency 320 kHz). The analyses were performed under ambient conditions using the
tapping mode atomic force microscopy (AFM) technique, and the surface images were
taken in the sizes of 20 × 20 μm. The bulk morphology was evaluated by imaging the
fracture area after the previous freeze-fracturing of sheets at a temperature of −80 ◦C. The
AFM images were processed using NanoScope analysis software.

2.2.4. X-ray Diffraction (XRD)

X-ray diffractograms were collected using a Shimadzu diffractometer (XRD-6000) with
mono-chromatic CuKα radiation (λ = 0.15418 nm) and a generator working at 40 kV and
30 mA. Intensities were measured in the range of 5 < 2θ < 40◦, typically with scan steps of
0.05◦ and 2 s/step (1.5◦ min−1). Peak separations were performed by Gaussian deconvolution.

2.2.5. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical properties of the TPU films were determined using a DMA Q800
analyzer (TA instruments, New Castle, DE, USA) in the tensile mode at a frequency of
1 Hz. The samples were initially cooled to −100 ◦C and subsequently heated to 150 ◦C at a
heating rate of 4 ◦C/min.
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2.2.6. Differential Scanning Calorimetry (DSC)

The thermal properties of the obtained samples were measured on a DSC 8500 thermal
analyzer (TA Instrument, New Castle, DE, USA). All the samples were weighed between 2
and 10 mg. The measurement was conducted from −70 ◦C to 250 ◦C at a heating rate of
20 ◦C/min under a nitrogen purge.

2.2.7. Thermogravimetric Analysis (TGA)

The thermal properties of the obtained samples were also determined using TGA Q500
(TA Instrument, New Castle, DE, USA), which were measured at a temperature range of
40–650 ◦C with a ramp heating rate of 10 ◦C/min in the presence of a nitrogen atmosphere.
The weight of each sample was approximately 5 mg. The weight loss of 5% and 50%, the
maximum degradation rate, and ash residue at 600 ◦C were registered.

2.2.8. Shore A Hardness

Hardness was measured at room temperature using a Zwick Roell GS-706N analogical
hard-ness testing apparatus (Teclock Co., Tokyo, Japan) using the “UNE-EN ISO 868:1998:
Plastics and ebonite—Determination of indentation hardness by means of a durometer
(Shore hardness)” standard procedure at (23 ± 2) ◦C and 50% relative humidity.

2.2.9. Mechanical Properties

Bio-based TPUs films were tested on an Instron 4201 autograph tester (Shimadzu,
Tokyo, Japan) to measure the stress-strain behavior of the samples in tension. The length ×
width × thickness of the specimens was 10 × 2 × 0.5 mm.

3. Results and Discussion

3.1. Molecular Weight of Synthesized Thermoplastic Polyurethanes

The molecular weight of the synthesized TPUs was characterized by GPC analysis,
and detailed measurements are summarized in Table 3. The Mn and Mw of the TPUs
were in the range of 37,723–112,117 and 70,953–236,689, respectively. The Mw of TPUs
strongly increased as the [NCO]/[OH] molar ratio increased. In addition, the number of
urethane units in the hard domains increased with the [NCO]/[OH] molar ratio, resulting
in higher molecular weights [3,44,45]. The M-BDO-series exhibited a higher molecular
weight than the H-BDO-series, although it had a similar HS mole ratio, as shown in Table 3.
Furthermore, the melting temperature increased as the Mw of TPUs was increased (the
[NCO]/[OH] molar ratio was increased) (see Section 3.5). The HS melting temperature
was found to depend on the HS–SS interaction and the number of hydrogen bonds in the
HS [30,46]. Moreover, the M-BDO-series exhibited a high melting temperature because of
its high Mw. The Mn of the resulting bio-based TPUs was more than 30,000 g/mol, which
is sufficiently high to satisfy the industrial application requirements and be the strong
hydrogen-bonding character of TPUs.

Table 3. Average molecular weight (Mn and Mw) and polydispersity index (PDI) of bio-based TPUs.

Sample Mn Mw PDI

H-BDO-2.0 37,723 70,953 1.88

H-BDO-2.5 40,375 72,013 1.78

H-BDO-3.0 112,117 236,689 2.11

M-BDO-2.0 57,476 112,220 1.95

M-BDO-2.5 60,829 153,285 2.51

M-BDO-3.0 n.m. a n.m. n.m.
a: n.m. = not measured.
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The PDI values of the TPUs were in the range of 1.78–2.51, which is consistent with the
molecular weights. The low PDI values indicated a narrow molecular weight distribution of
the prepared TPU samples. However, the PDI values were approximately 2 (the theoretical
value for linear step-growth polymers is 2 according to the Flory’s theory [47]) suggesting
that the conversions of polymerizations were sufficiently high for the one-shot bulk reaction.
In the case of M-BDO-2.0, the PDI was 1.95; thus, this condition is better for the one-shot
bulk polymerization reaction with a short polymerization time because of the good control
of the polymerization process. This is true for most TPUs, and it is nevertheless sufficient
for polymer processing (injection and extrusion) and various applications [48]. These
increasing values of Mn and Mw with increasing HS and using aromatic diisocyanate lead
to differences in the TPU detected by FT-IR spectra, X-ray diffraction (XRD), AFM, DSC
thermograms, and tensile strength and hardness, which are discussed below.

3.2. Chemical Structure Characterization (FT-IR)

The chemical structure of the synthesized TPUs was confirmed through FT-IR spec-
troscopy. In Figure 2, the excess isocyanate can be detected using IR spectroscopy. The NCO
band at 2270 cm−1 is one of the most intense bands and is practically undisturbed through
the absorption of other groups. Therefore, the reaction is confirmed to be completed owing
to the absence of absorption bands related to the NCO groups and at 3470 cm−1 corre-
sponding to the OH groups of the polyol end group for all samples [49]. The N-H bond
stretching vibration of urethane groups appeared at 3330 cm−1 due to hydrogen bonding. It
is commonly known that the N-H bond can be observed in two separate bands, that is, the
hydrogen-bonded N-H at 3275–3300 cm−1 and the free N-H bond at 3500 cm−1 [50]. The
C-H asymmetric and symmetric stretching vibrations of the -CH2 groups were observed as
bimodal bands with the maxima at 2850 and 2950 cm−1, respectively, which are assigned to
the SS of the TPU matrix [32]. Bands 2900 cm−1 are assigned to the CH groups, particularly
at 2950 cm−1 corresponding to the asymmetric CH2 stretching and the 2850 cm−1 band that
is associated with the symmetric CH2 stretching [51]. Thus, TPU formulations with more
content of SS exhibited bands with more intensity in this zone. The double peak observed
in the 1680–1740 cm−1 range corresponds to the carbonyl group (C=O) stretching vibra-
tions [52,53]. Further characteristic bands at 1600 cm−1 and 1819 cm−1 correspond to the
C=C aromatic stretching vibration of the M-BDO-series. The band observed at 1530 cm−1 is
associated with the stretching vibration of the –CN bond of the urethane groups. [35] The
strong absorption band at 1104 cm−1 is ascribed to the free ether bond (C-O-C) of the used
polyether polyol. The band maximum associated with the asymmetric stretching vibrations
of the non-associated ether group is marked by the 1104 cm−1 band, while the 1063 cm−1

band is related to hydrogen bond interaction between N-H and C-O-C groups [33].

Figure 2. Fourier transform infrared (FT-IR) spectra of TPU-based H-BDO and M-BDO.
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FT-IR analysis is a useful method for characterizing the band intensity and shape of
the localized vibrations associated with specific functional groups, N-H or C=O, which
are involved in specific hydrogen bonding in various domains, as shown in Figure 3. The
position and intensity of these vibrations are known to be susceptible to the strength and
specificity of the formed hydrogen bond [22]. Thus, the phase separation in TPUs can
be characterized by measuring the intensity and position of the hydrogen-bonded N-H
stretching vibration. It is usually interpreted that extensive phase separation has occurred
when there is significant N-H—O=C hydrogen bonding since both units are associated
with the HS. It has also been suggested that N-H can form a strong hydrogen bond with the
oxygen of the ether groups from polyol associated with the SS when available. The N-H
bond vibration appeared in all synthesized TPUs regardless of the [NCO]/[OH] molar ratio.
This region also exhibited a small shoulder at 3500 cm−1 in all the curves, corresponding
to the non-hydrogen-bonded N-H group [23]. Furthermore, the band intensities in the
hydrogen-bonding association of the carbonyl group (C=O) region can be utilized to
characterize the phase separation between the HS and SS. The specific method to calculate
the degree of phase separation (DPS) [24] is to analyze the spectra in the 1750–1680 cm−1

region by deconvolution of the carbonyl bands using Origin software (Origin 2018) in
Table 4. In particular, the H-bonded C=O only existed in the HS, whereas free C=O was
merely scattered in the SS. Therefore, the DPS was calculated based on the amounts of free
carbonyl and hydrogen-bonded –C=O in the amorphous and ordered regions.

Degree of phase separation (DPS) = R/(R + 1) (1)

R =
Ab(Absorption intensity of hydrogen bonded C = O)

Af(Absorption intensity for free C = O)
(2)

Degree of phase mixing (DPM) = 1 − DPS (3)

Figure 3. Specific hydrogen bonding in the TPUs.

The exact band positions indicated only some differences among the TPUs containing
different diisocyanates and [NCO]/[OH] molar ratios. These results indicate that, in the
case of H-BDO and M-BDO, the DPS slightly increased with the [NCO]/[OH] molar ratio
in correlation with the increasing HS content. The H-BDO-2.0 (R = 1.67) sample contained
55.5% of HS, which were connected with hydrogen bonds. For the H-BDO-3.0 sample
(R = 1.40), slightly more hydrogen bonds were generated, with some limitations of the
phase separation function depending on the diisocyanate type. Furthermore, increasing
the amount of isocyanate to create the HS phase favored the elevation of the hydrogen
bonding, as indicated by the corresponding increase in the R index. Compared to the
H-BDO-3.0 sample, the M-BDO-3.0 sample exhibited high DPS despite having lower HS
content. In the M-BDO-2.0 sample, it could be concluded that more than 57% of the HS was
microphase separated, while only 42% of the HS was mixed within the polyether polyol
matrix. Therefore, the amount of hydrogen-bonded C=O groups was affected by the HS
content and diisocyanate type. In conclusion, DPS slightly increased for TPUs prepared
with the MDI as diisocyanate. Factors influencing DPS in TPU materials include hydrogen
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bonding between polymer chains, segment length, polarity and crystallizability, overall
composition, and mechanical and thermal history [25]. In the following section, the reason
for phase separation between the HS and SS is discussed, and the experimental evidence
supporting the presence of microdomains is presented.

Table 4. Deconvolution of the FT-IR absorbance bands in the 1750–1680 cm−1 range that occurred in
the prepared TPUs.

Sample
Hard

Segment
(HS)

Absorption Intensity of
C=O Band

R

Degree of
Phase Sep-

aration
(DPS)

Degree of
Phase

Mixing
(DPM)

Free C=O
1730 cm−1

H-Bonded
C=O

1700 cm−1

H-BDO-2.0 36.9 29.37 35.88 1.22 0.550 0.450

H-BDO-2.5 41.5 27.87 35.53 1.24 0.553 0.447

H-BDO-3.0 45.5 29.80 37.16 1.25 0.555 0.445

M-BDO-2.0 33.3 30.12 40.53 1.35 0.574 0.426

M-BDO-2.5 37.6 30.55 41.89 1.37 0.578 0.422

M-BDO-3.0 41.4 30.08 42.00 1.40 0.583 0.417

3.3. Atomic Force Microscopy (AFM) Analysis

The size and shape of the hard domains in the TPU were evaluated using AFM.
Although AFM is typically used to analyze the surface physical structure and quantify
the surface roughness [54–56], it is also a useful tool for the investigation of the internal
structure of heterogeneous materials [32,57], particularly when other methods are inefficient
due to low contrast or when a comparison with other analytical methods is desirable. The
freeze-fractured cross-sections of the prepared bio-based TPU samples were analyzed
to investigate whether the HS/SS morphology of the surface patterns of the films was
irregular and relatively rough. Figure 4a–f shows the height and 3D AFM images of the
TPU sample using the tapping mode, and Table 5 illustrates the supporting data of the
AFM images. The samples exhibited two types of phase contrast: a dark, featureless matrix
corresponding to the SS and bright elements of different sizes dispersed in this matrix [57].
The roughness increased when the HS content increased with the [NCO]/[OH] molar ratio,
and the phase separation and hard domain structure became more pronounced in the
sample morphology. The shape of the hilly was significantly different when the H-BDO-
and M-BDO-series were compared. The H-BDO-series showed a sharp hilly, whereas a
more rounded hilly was observed in the M-BDO-series. These characteristics are affected
by the HS content and isocyanate type.

The samples containing a high SS content (H-BDO-2.0 in Figure 4a) exhibited smooth
surfaces that were separated from each other in the samples. Conversely, the TPU with high
hard domain content showed an irregular “hilly” break surface (Figure 4b–f). Dramatic
changes were observed in the phase images when comparing H-BDO-2.5 to M-BDO-3.0 in
Figure 4b,f, although the HS content was similar in both samples (41% of HS content). The
M-BDO-3.0 sample showed the largest hilly surface with large globules and the highest
roughness value. The depth and height of the globules in the z direction on the TPU surface
were examined using Nanotec Electronica WSM software (2019). The roughness in the
Z-profile of the TPU contributes to the co-continuous network morphology [58]. Various
microdomains observed on the TPU surface could have significantly contributed to the
roughness enhancement. The non-uniform distribution of the hard domain increased the
surface roughness of the H-BDO-series from 23 to 228 nm. In addition, the surface rough-
ness in the M-BDO-series was observed in a highly spiked region (Rmax = 1872–4243 nm)
from 178 to 347 nm. Consequently, variation in the size and shape of the hard domains
depending on the isocyanate type can be confirmed. When the HS content increases by
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varying the [NCO]/[OH] molar ratio, the HS domains become larger (up to multi-μm
size); the roughness and the extent of phase separation increase, and the hard domain
structures become more pronounced and visible in the sample morphology. Many factors
such as the [NCO]/[OH] molar ratio, HS content, and isocyanate type exhibiting diverse
morphological structures are related to the AFM topographic images. Therefore, these
factors support the DPS between the HS and SS and hydrogen bonding obtained by FT-IR
analysis. When the HS content increases by varying the [NCO]/[OH] molar ratio, the
HS domains become larger (up to multi-μm size); the roughness and the extent of phase
separation increase, and the hard domain structures become more pronounced and visible
in the sample morphology.

Figure 4. Atomic force microscopy phase images of the freeze-fractured surfaces of the bio-based
TPU: (a) H−BDO−2.0, (b) H−BDO−2.5 (c) H−BDO−3.0, (d) M−BDO−2.0, (e) M−BDO−2.5, and
(f) M−BDO−3.0.

Table 5. Characterization of phase images of TPU films.

Sample Surface Area (μm2) Rq (nm) a Ra (nm) b Rmax (nm) c

H-BDO-2.0 401 29 23 277

H-BDO-2.5 437 257 177 1604

H-BDO-3.0 441 294 228 2177

M-BDO-2.0 414 227 178 1872

M-BDO-2.5 415 305 248 2328

M-BDO-3.0 408 417 347 4243
Surface area: total area of the examined sample surface. Mean: average of all the Z values within the enclosed
area. a Rq (rms): standard deviation of the Z values within the given area. b Ra (mean roughness): mean value of
the surface relative to the center place. c Rmax (maximum height): difference in height between the highest and
the lowest points on the surface relative to the mean plane.

3.4. X-ray Diffraction (XRD) Analysis

The degree of crystallinity in the prepared bio-based TPU was investigated by wide-
angle XRD in the region of wider angles. The changes in the crystalline structure due to
varying [NCO]/[OH] molar ratio and isocyanate type were determined by XRD analysis.
A comparison of the XRD patterns with different HS contents is illustrated in Figure 5. The
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peaks in the TPU samples at 2θ = 19◦ generally correspond to the hard domain related to
the hydrogen bonds between urethane groups in 2θ = 19–23◦ [59].

Figure 5. X-ray diffractograms of the bio-based TPU.

The observed diffraction patterns exhibited significant broadening of peaks, which re-
sulted in two main hard domain regions with a maximum at approximately 19.4◦ and 23.5◦
by fitting with Gaussian distributions using Origin software (2018). The HSs demonstrated
a diffraction peak at 19.4◦ with higher intensity when present in higher concentration.
Furthermore, as the [NCO]/[OH] molar ratio was increased, the intensity of the peak
localized at 2θ = 19.4◦ increased from 4858 to 5047 and 3355 to 5292 for the H-BDO- and
M-BDO-series, respectively, with a sharper full width at half maximum (FWHM) in Table 6.
This peak indicated a hard domain based on a higher-ordered arrangement of the HS with
hydrogen bonding [41]. The phenomenon of the higher hard domain rate of the HS in
M-BDO-3.0 attributed to the globular morphology of the hard phases, which was also
confirmed by the AFM image in Figure 4f.

Table 6. Peak analysis data for X-ray diffraction peaks.

Sample
Peak 1 (θ = 19.40) Peak 2 (θ = 23.46)

Intensity FWHM a Intensity FWHM

H-BDO-2.0 4858.01 6.00 752.15 4.44

H-BDO-2.5 4664.34 5.85 713.71 4.98

H-BDO-3.0 5046.76 5.96 609.42 6.53

M-BDO-2.0 3354.74 6.55 914.39 4.07

M-BDO-2.5 5069.32 6.23 820.04 6.16

M-BDO-3.0 5291.63 5.97 591.92 6.36
a full width at half maximum (FWHM): peak width.

In contrast, as the HS content increased, the diffraction peak at 23.5◦ exhibited a
lower diffraction peak height and broader FWHM, indicating a smaller hard domain that
decreased the peak intensity, which is also supported by the AFM images illustrating
the decreased height of the surface in Figure 4a. Although a discrepancy was observed
between the XRD and AFM results, AFM showed agglomeration, while a single aggregate
containing a number of hard domains was observed in XRD. In segmented TPU, the phase
separation of the SSs and HSs can occur depending on their relative contents, structural
regularity, and thermodynamics incompatibility. The XRD studies revealed that the hard
domain depends on the structure of diisocyanates and the [NCO]/[OH] molar ratio in the
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TPU hard domain. Moreover, Figure 4 shows that hard domain contents increased from
aliphatic to aromatic characters of the diisocyanates utilized in the bio-based TPU.

3.5. Thermal Analysis (DSC)

The thermal characteristics of the bio-based TPUs and their segmented structure
were investigated using DSC. Regarding the thermal properties of TPUs, four types of
thermal effects (the glass transition temperature of SS, melting temperature of SS, glass
transition temperature of the amorphous part of the HS, and the melting of the HS) could
be distinguished from the DSC runs (Figure 6), and the results are summarized in Table 7.
The TPUs are segmented or block copolymers consisting of alternating HS and SS. The
microphase separation of these two chemically distinct components gives thermodynamic
incompatibility, generating separated peaks in Tg and Tm of the SS and Tg and Tm of
the HS [60]. Generally, the HS and SS of a TPU are incompatible because they have
a positive heat mixing. Thus, there is a tendency toward phase separation of the two
components; however, the topology of the block copolymer molecules imposes restrictions
on segregation, thereby forming a microdomain [61].

Figure 6. Differential scanning calorimetry (DSC) of the first heating ramp measured at 20 ◦C/min
from −100 ◦C to 200 ◦C for the TPU-based sample series.

Table 7. A summary of DSC results of the bio-based TPUs.

Sample SS Tg (◦C) SS Tm (◦C) HS Tg (◦C) HS Tm (◦C)

H-BDO-2.0 −55.4 71.6 - 195.8

H-BDO-2.5 −55.0 80.3 145.6 217.4

H-BDO-3.0 −52.4 83.5 166.0 219.6

M-BDO-2.0 −47.7 67.1 136.3 160.1

M-BDO-2.5 −46.0 69.3 151.8 183.8

M-BDO-3.0 −44.3 80.4 157.3 231.6

Up to four transitions were observed for the bio-based TPU in Figure 6, including
the glass transition temperature (between −55 °C to −44 ◦C), the melting temperature
of SS (67 ◦C to 80 ◦C), and the melting temperature of HS (160 ◦C to 231 ◦C). The SS Tg
in the H-BDO- and M-BDO-series was detected at approximately −54 ◦C and −45 ◦C,
respectively. H-BDO-2.0, H-BDO-2.5, and H-BDO-3.0 exhibited the melting of the SS at
72, 80, and 84 ◦C, respectively. The HS Tg in the M-BDO-series was detected at 136, 151,
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and 157 ◦C, while the melting temperature of the HS was observed at 160, 183, and 231 ◦C.
When considering the [NCO]/[OH] molar ratio, the SS Tg of the H-BDO- and M-BDO-series
increased with the [NCO]/[OH] molar ratio. The result of the H-BDO-series is explicated
because of the increasing miscibility of the HS and SS, that is, the partial mixing of the
HS within the SS matrix. The sample of the M-BDO-series demonstrated higher Tg of
the SS as higher contents of the HS were well phase-separated, which increased the DPS
as confirmed by the FT-IR analysis; this phenomenon may be an indicator of kinetically
favorable and stable phase separation. Moreover, the Tm of SS slightly increased as the
[NCO]/[OH] molar ratio was increased, while the heat capacity increased with increasing
SS contents, which corresponded to the melting peak of the SS. Therefore, a TPU sample
showing insignificant Tm of SS with higher melting enthalpy could be obtained. Since the
Tm of SS is the deciding factor of the shape memory transition temperature, this result
also suggested that the shape memory TPU can be adjusted to various temperature ranges
by carefully selecting the [NCO]/[OH] molar ratio and isocyanate type, thus possibly
expanding the application field. As an example of a shape memory polymer, H-BDO-2.0
exhibited a relatively sharp endothermic peak at approximately 72 ◦C, which resulted from
the Tm of the SS-associated thermal transition temperature (Ttrans). When the temperature
increase is higher than 72 ◦C (Ttrans) of the switching segments, the segments are flexible,
and the polymer can be deformed elastically. The temporary shape is fixed by cooling
below 72 ◦C, and the permanent shape is recovered when the polymer is heated again.

The length of the HS blocks forms the upper limit to the size of the HS crystals
in the chain direction, which determines the melting point and thermal stability [62].
Figure 6 illustrates the temperature range wherein most HS melting temperatures shift
towards higher temperatures as the HS content is increased. The Tm at higher temperatures
corresponded to the dissociation of a great order structure, which was related to the mixing
between the HS and SS. The lower temperatures could be attributed to the melting of the
less-ordered structure or suitable SS [63,64]. In particular, the samples of the M-BDO-series
exhibited increased high-temperature Tm peaks and their shift to higher temperatures,
which resulted from better HS ordering and the formation of stronger and more stable
HS domains. From a morphological viewpoint, the HS formed globular domains in a
continuous SS matrix in this sample. The degree of order within the HS of the TPU depends
on the chemistry, rigidity, and hydrogen-bonding within the HS [65]. In addition, the phase
separation between the HS and SS depends on their respective lengths and affinity for each
other, which is closely related to the ability of the HS and SS to establish hydrogen-bonding
interactions. Therefore, the phase separation is affected by the chemical composition
and HS content in the synthesized TPUs. The effect of the isocyanate type on the Tm of
the TPUs was determined at a higher temperature using MDI. The materials obtained
from aromatic isocyanates exhibited a higher glass transition temperature than those
obtained from aliphatic isocyanates. The lower glass transition temperatures observed for
TPUs obtained using aliphatic isocyanates are attributed to the better separations of the
phases [34]. Conversely, the presence of aromatic isocyanate in the HS produces a stiffer
polymer chain with a higher melting point.

3.6. Dynamic Mechanical Analysis (DMA)

The DMA results are shown in Figure 7 as a functional relationship of the storage
modulus (G’) and tan δ, revealing the thermal transitions and indicating the applicable
temperature ranges. The storage modulus defines the energy stored elastically by the
materials at deformation supplying information about the polymer stiffness [36]. The
highest values of G′ were observed between 1085 and 2850 MPa for the H-BDO-series
and 2918 and 3030 MPa for M-BDO-series. The G’ values below −50 ◦C remained nearly
constant due to the restriction of the molecular motions to vibrations and short-range
rotations of the SS. The gradual decrease in G′ at approximately −50 ◦C corresponded to
the Tg of SS. The α-relaxation process, which is indicated by the low-temperature peak in
the tan δ plots and represented the glass transition of the SS, was broad, suggesting only
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fair phase separation between SS and HS. In addition, this peak was sufficiently defined
for the M-BDO-series, which allowed the assignment of the Tg based on the position of
the peak maximum. The difference in the shape of the SS Tg peak is attributed to higher
DPM in the H-BDO-series with high DPM, as indicated by the FT-IR analysis. In tan δ

curves, the double peaks, which suggest the existence of the two phases of the SSs related
to the SS Tg (approximately −54.77 ◦C to −40.56 ◦C) and SS Tm (approximately 1.35 ◦C to
48.23 ◦C), appeared in H-BDO-2.5 and H-BDO-3.0. The temperature difference between
the above double peaks decreased as the [NCO]/[OH] ratio increased, particularly for the
H-BDO-series. This result indicates that as the ratio of the HS increases, a sharp increase in
tan δ appears due to the relaxation of the hard domain of the TPU molecules related to the
presence of more HS in the soft domains that restrict the mobility of the SS. The Tg of TPU
can be detected by DSC and DMA, and the obtained Tg values were similar. Since the HS
content increased, the modulus, Tflow due to the melting of the HS, and the Tg increased.

Figure 7. Storage modulus versus temperature and tan δ versus temperature for the obtained
bio-based TPUs.

The G’25 storage modulus significantly increased with the HS content in Table 8. In
the case of phase-separated HS, the modulus considerably increased with the higher HS
content, making the materials stiffer. However, no melting transition was detected in the
DSC thermogram, whereas the flow behavior of the TPU could be observed in DMA. The
modulus above the Tg of the SS in the rubbery plateau region depends on the reinforcing
effect of the HS on the soft matrix [66]. The flex temperature (Tflex) is defined as the
temperature at the beginning of the rubber plateau region, that is, the intercept of the
tangents. The flow temperature (Tflow) is defined as the temperature where the storage
modulus G’ reaches 1 MPa, and the storage modulus of the rubbery plateau is determined
at room temperature. The modulus of the rubbery plateau, in the Tflex − Tflow region is a
function of the HS crosslink density and reinforcement by the separated HS. Usually, TPUs
from segmented copolymers can be prepared with a range of rubbery moduli by changing
the HS content [32]. With the [NCO]/[OH] molar ratio, the Tflow of the corresponding
TPU is increased from 77.7 to 170 ◦C. These Tflow values are attributed to the melting of
the phase-separated HS, and the increase in Tflow observed may result from an increase in
the hydrogen bonding in the HS domain [30]. The Tflow decreased with the decreasing HS
content, which is also in agreement with the results observed in other systems. The Tflow
of the MDI-based TPU was considerably higher than that of the H12MDI, which is also
explained in the solvent effect theory by Flory [47]. In the MDI-based TPU, the rubbery
plateau was extended and exhibited a higher rubbery elastic modulus and sharper peak
compared to those of the H12MDI-based TPU. The constant value of this storage modulus
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indicates that no phase transitions occurred within this temperature range, and phase
separation is effective. This result is attributed to higher DPS, which exists in the samples
of the M-BDO-series, as indicated by the FT-IR results.

Table 8. A summary of dynamic mechanical analysis results of the bio-based TPUs.

Sample Tg (◦C) G′
25(MPa) Tflex (◦C) Tflow (◦C)

H-BDO-2.0 −54.8 0.65 - -

H-BDO-2.5 −49.3 13.18 - 77.7

H-BDO-3.0 −40.6 46.34 80.1 138.0

M-BDO-2.0 −37.2 1.20 60.2 92.5

M-BDO-2.5 −37.2 5.05 94.2 102.0

M-BDO-3.0 −36.8 54.39 73.9 170.0

The MDI-based TPU demonstrated high values for Tg, G’25, Tflex, and Tflow compared
to those of H12MDI-based TPU, suggesting a higher degree of stiffness of this sample. In ad-
dition, the regions of the rubbery plateau between Tflex and Tflow were extended. Typically,
phase separation occurs in TPU materials because of the thermodynamic incompatibility
between the SS and HS, resulting in elastomeric properties.

3.7. Thermogravimetric Analysis (TGA)

The TGA curves for TPUs prepared under different conditions are shown in Figure 8,
and the corresponding data are summarized in Table 9. The temperature of 5% weight loss
(T5) is typically considered the onset decomposition temperature [41]. The results showed
differences at the beginning of thermal degradation (T5) depending on the [NCO]/[OH]
molar ratio. Furthermore, the molecular weight and T5 increased with the [NCO]/[OH]
molar ratio. The T5 of the M-BDO-series was 2–9 ◦C higher than that of the H-BDO-series.
In particular, the M-BDO-3.0 sample was characterized by the best thermal stability in the
initial stage of decomposition at 300–310 ◦C. Thus, in M-BDO-3.0, a higher temperature is
required to obtain 5 and 10% weight loss compared to that in other materials. Therefore,
it is advantageous to use MDI as isocyanate from the viewpoint of thermal properties.
Despite the presence of a single-step drop, there are two peaks in the derivative curve
(%/◦C; DTG) owing to the change in the curve slope as it descends. The first step at
330–370 ◦C is related to HS decomposition (THS), and the second step around 390–426 ◦C
is associated with SS decomposition (TSS) as shown in Figure 8 [67]. All TPUs prepared
in this study showed this characteristic, and the weight loss rate was dependent on the
[NCO]/[OH] molar ratio. With an increase in the [NCO]/[OH] molar ratio, the maximum
weight loss rate for the first and second decomposition steps decreased. All TPUs with a
higher HS content also exhibited a higher weight loss rate for the first decomposition step
and a lower weight loss rate for the second decomposition step. In conclusion, an increase
in the [NCO]/[OH] molar ratio leads to a corresponding increase in thermal stability. This
relationship is reversed in THS at a higher temperature, suggesting a more cross-linked
structure of the polymer. In addition, the materials obtained from aromatic isocyanate
showed higher thermal stability than those obtained from aliphatic isocyanate. Thus, the
type of isocyanate was revealed to have more effect on thermal stability. According to the
literature, the initial stage of decomposition temperature of bio-based TPUs was revealed
at 310 ◦C with fatty acid dimer-based polyester polyols [19] and 315 ◦C [30] with bio-based
polyether polyols-poly(trimethylene glycol). Additionally, TPU from Bio-based polyester
polyols synthesized using esterification with azelaic acid, sebacic acid, and 1,3-propanediol
showed 260 ◦C of the initial stage of decomposition temperature [68]. In the results of
DTG peaks of bio-based TPU, Carmen et al. [69] using dimer acid-based polyol described
the temperature range of around 311–360 ◦C and 390–440 ◦C, Paulina et al. [70] with the
poly(propylene succinate)s showed the temperature of 5% mass loss at ca. 320 ◦C, and
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THS/TSS at 384.7/427.3 ◦C. These results represented that bio-based TPU in this study had
similar thermal stability compared to the other bio-TPU.

Figure 8. Thermogravimetric analysis curves and the respective derivative curves of bio-based TPUs.

Table 9. Thermal decomposition characteristics of the bio-based TPUs.

Sample T5% (◦C) T10% (◦C) T50% (◦C) THS (◦C) TSS (◦C)

H-BDO-2.0 288.8 302.4 345.3 334.7 396.4

H-BDO-2.5 294.0 306.7 353.2 332.4 390.5

H-BDO-3.0 300.0 315.3 375.8 344.2 426.0

M-BDO-2.0 290.0 304.7 360.7 351.3 391.6

M-BDO-2.5 296.5 313.5 368.0 356.0 402.2

M-BDO-3.0 308.9 323.4 378.2 371.5 418.9

3.8. Mechanical Properties

Figure 9 and Table 10 illustrate the mechanical properties (initial modulus, tensile
strength, and elongation at break) of all the samples at room temperature and hardness
(Shore A). The mechanical performances of the TPUs are closely related to their composi-
tions; the HS can act as physical cross-links and reinforcing units, while the SS is responsible
for the material flexibility owing to the long linear polyol chain. From the data in Table 7, it
can be concluded that the bio-based thermoplastic poly(ether-urethane)s prepared with the
highest [NCO]/[OH] molar ratio has the highest HS content. The initial modulus values
of the H-BDO- and M-BDO-series ranged from 12.20–42.40 MPa and 35.25–67.07 MPa,
respectively. Therefore, the initial modulus values increased with the amount of HS content
in the polymer, which was associated with higher stiffness and content of HS. Similar
relationships were demonstrated for all prepared samples with respect to tensile strength
and elongation at break. The increase in the HS content from 36.9 to 45.5 wt% resulted in a
corresponding increase in the tensile strength from 4.61 to 31.61 MPa. The increase in the
[NCO]/[OH] molar ratio also led to higher tensile strength. The HS content determines
the tensile strength, while the SS content relates to the elongation at break values. The
elongation at break is also related to the decrease in the chain mobility, and the permanent
set after the break suggests the possibility of macromolecular chains returning to the states
in which they were before the test. M-BDO-2.0 showed high elongation at break (1081%)
and tensile strength values above 29 MPa. Moreover, M-BDO-3.0 showed higher hardness
(Shore A), and the hardness value increased as the content of the HSs increased; hardness
also increased with increasing [NCO]/[OH] molar ratio. The samples of M-BDO-2.0, M-
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BDO-2.5, and M-BDO-3.0 showed elongation at break values of 1316.8, 629.9, and 635.7%,
respectively. These differences in the elongation at break are related to the decreases in
the chain mobility, which was confirmed for the H-BDO-series by shifting the Tg to higher
values. Hardness is closely connected with the cross-link density in HS, which decreased
the elasticity of the samples and led to rigid materials. The MDI-based samples had the
highest hardness, with values ranging from 79 to 86 Shore A. The stiffness of the materials
increased as the cross-link density increased.

Figure 9. Tensile stress-strain curves of the bio-based TPUs.

Table 10. Mechanical properties and hardness of the bio-based TPUs.

Sample
Initial

Modulus
(MPa)

Tensile
Strength(MPa)

Elongation
(%)

Energy (J)
Hardness
(Shore A)

H-BDO-2.0 12.20 4.61 1316.80 0.13 70

H-BDO-2.5 22.23 7.48 1024.50 0.14 79

H-BDO-3.0 42.40 31.61 635.70 1.01 85

M-BDO-2.0 35.25 28.84 1080.90 2.09 76

M-BDO-2.5 37.27 31.42 1076.90 3.55 77

M-BDO-3.0 67.07 35.04 693.90 3.24 86

3.9. Micro-Phase Separation Characteristics

Based on the results discussed above (FT-IR, AFM, DSC, etc.), four types of micro-
phase separation in a two-phase system are suggested for the HS dispersed in the SS matrix,
as shown in Figure 10. The figure shows (a) a disassociated structure of phase-mixed
between HS and SS, (b) a hydrogen-bonded structure phase-separated between HS and
SS that formed one-sided hard domains, (c) hydrogen-bonded structure of phase-mixed
between the HS and SS, and (d) hydrogen-bonded structure of phase-separated between
the HS and SS that formed dispersed hard domains. Due to this, H-BDO-2.0 is expected to
exhibit the (a)-form in Figure 10 among the phase-separated forms. The (a)-form can be
regarded as a phase-separated form when phase separation is not accomplished completely.
The AFM image showed an exceptionally smooth surface with low roughness, lower
DPS values, and tensile strength (4.61 MPa). In the case of H-BDO-2.5 and H-BDO-3.0,
because no significant difference was observed in the DPS values, a phase-mixed system
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between HS and SS is expected to show the (c)-form. In particular, visible softening of the
materials based on the tensile test was observed in the case of the H-BDO-series, which
also suggested a less ordered phase among the structures. This result is different compared
to other thermoplastic elastomers that often show a decrease of the rubbery plateau with
increasing temperature due to incomplete phase separation or partial melting of the HS. In
DSC, the slight increase in Tg observed for the MDI-based TPU suggests the presence of a
relatively large amount of HS mixed within the soft domain, resulting in a higher degree of
microphase separation for this TPU series caused by the increase in the molecular weight
and hydrogen-bonded hard domain. These results are in agreement with the FT-IR spectra
in the C=O region, where free and hydrogen-bonded carbonyl groups are involved. The
formation of the hard domain and the Tm of the hard phase is drastically affected by the HS
length distribution. Researchers [19,46] have reported that the properties of TPUs can be
improved using uniform HS and have a more complete-phase separation. The disordering
in the HS and the partial miscibility of the hard phase in the SS are also confirmed by
the decrease in the hard domain. [47,48]. The difference in the behavior of Tm of the TPU
materials suggests that the TPUs have different physical origins. The lower temperatures
can be attributed to the melting of the less-ordered structures or suitable SSs, whereas the
higher temperatures are associated with greater-order structures. The structural proposal
in Figure 8 was supported by the segment structure of TPU, which was used as a guideline
to elucidate the morphology of these polymers further. Based on this, the M-BDO-2.0
sample shows the (b)-form with low Tm of HS despite the high DPS value. The sample of
M-BDO-2.5 and M-BDO-3.0 may demonstrate the (d)-form with the AFM images, which
can be confirmed with high DPS values, Tm of HS (231.6 ◦C), rubbery plateau (73.9–170 ◦C),
and tensile strength (35.0 MPa) from the FT-IR, DSC, and DMA results.

 

Figure 10. Schematic diagram of micro-phase separation in TPUs containing different conditions: (a) a
disassociated structure of phase-mixed between HS and SS, (b) a hydrogen-bonded structure phase-
separated between HS and SS that formed one-sided hard domains, (c) hydrogen-bonded structure of
phase-mixed between the HS and SS, and (d) hydrogen-bonded structure of phase-separated between
the HS and SS formed hard domains.

4. Conclusions

Recently, there has been increased interest in developing bio-based polyols and TPUs
owing to environmental issues, which will lead to a growing demand for materials with soft
and strong properties. In order to meet these demands of the times, this study aimed to syn-
thesize a bio-based TPU. We used bio-based PO3G as a polyol, MDI, and H12MDI as the iso-
cyanate and bio-based BDO as the chain extender. Bio-based TPUs with [OH]/[NCO]/[OH]
molar ratios ranging from 1:2:1 to 1:3:1 was successfully synthesized using a solvent-free
one-shot process. This study investigated the effect of the equivalence ratio and isocyanate
type on the compositions and properties of the HS and SS of the synthesized TPUs and
then suggested four types of micro-phase separation of the HS and SS. The Mn and Mw of
TPUs were in the ranges 37,723–112,117 and 70,953–236,689, respectively. The Mw of TPUs
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strongly increased as the [NCO]/[OH] molar ratio increased. The DPS also increased, and
this result is expected to affect the thermal and physical properties and the micro-phase
separation characteristics of the prepared film. When the HS content was increased by
varying the [NCO]/[OH] molar ratio, the HS domains became larger; the roughness and
the extent of phase separation increased, and the hard domain structures became more
pronounced and visible in the sample morphology in the 3D AFM images. Considering the
isocyanate type, the M-BDO-series showed higher average molecular weight and DPS than
those of the H-BDO-series, despite having a lower content of HS. Consequently, the M-
BDO-series had better-ordered, stronger, and more stable HS domains. The M-BDO-series
with a high hard domain content showed a more rounded hilly break surface containing
large globules and a high roughness value in the 3D AFM images. The SS Tg, SS Tm, HS Tg,
and HS Tm of M-BDO_3.0 were observed at −44.3, 80.4, 157.3, and 231.57 °C, respectively,
in the DSC analysis. The rubbery plateau was extended and exhibited a higher rubbery
modulus and sharper peak, which was determined by DMA. According to TGA, the materi-
als obtained from aromatic isocyanate showed higher thermal stability than those obtained
from aliphatic isocyanate. In addition, the mechanical properties of the M-BDO-series were
higher compared to those of the H-BDO-series. With respect to the micro-phase separation
forms, H-BDO-2.0 is expected to show the (a)-form, indicating that phase separation is not
accomplished completely because of the exceptionally smooth surface observed in AFM,
with low roughness, lower DPS values, and tensile strength. H-BDO-2.5 and H-BDO-3.0
represented the (c)-form based on the tensile test and AFM, which also suggested a less-
ordered phase among the micro-phase structures. The M-BDO-2.0 sample represented the
(b)-form with low Tm of HS despite the high DPS value, while M-BDO-2.5 and M-BDO-3.0
can relate to the (d)-form with the AFM images, which can be confirmed with the high DPS
values, Tm of HS, rubbery plateau, and tensile strength. The previous results showed that
when an aromatic isocyanate (MDI) was used in the synthesis of TPU with a bio-based ether
polyol, a soft sample with excellent thermal and physical properties could be obtained. In
the future, we would like to investigate whether these TPU samples can be used as a shape
memory polymer for 4D printing filaments.
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Abstract: New technologies are constantly addressed in the scientific community for updating novel
stretchable devices, such as flexible electronics, electronic packaging, and piezo-electric energy-
harvesting devices. The device promoted in the present work was found to generate promising ~6V
and durability of >0.4 million cycles. This stretchable device was based on rubber composites. These
rubber composites were developed by solution mixing of room temperature silicone rubber (RTV-SR)
and nanofiller, such as multi-wall carbon nanotube (MWCNT) and micron-sized copper particles
and their hybrid. The hybrid composite consists of 50:50 of both fillers. The mechanical stretchability
and compressive modulus of the composites were studied in detail. For example, the compressive
modulus was 1.82 MPa (virgin) and increased at 3 per hundred parts of rubber (phr) to 3.75 MPa
(MWCNT), 2.2 MPa (copper particles) and 2.75 MPa (hybrid). Similarly, the stretching ability for the
composites used in fabricating devices was 148% (virgin) and changes at 3 phr to 144% (MWCNT),
230% (copper particles) and 199% (hybrid). Hence, the hybrid composite was found suitable with
optimum stiffness and robust stretching ability to be useful for stretching electronic devices explored
in this work. These improved properties were tested for a real-time stretchable device, such as
a piezoelectric energy-harvesting device and their improved voltage output and durability were
reported. In the end, a series of experiments conducted were summarized and a discussion on the
best candidate with higher properties useful for prospective applications was reported.

Keywords: piezo-electric energy-harvesting device; stretchable devices; silicone rubber; multi-wall
carbon nanotube; copper particles

1. Introduction

The energy demands are increasing day by day and there is a sudden increase in this
demand in the last few decades. With the limitation of resources, meeting these demands is
becoming difficult to fulfill. Last century, most of the energy production was made through
oil, petroleum and coal. However, these sources are limited and non-renewable and their
use has created various environmental damages, such as global warming. These problems,
such as global warming results in the melt of icebergs and the earth are slowly sinking into
the oceans.

Thus, scientists around the globe are working on providing alternative routes of energy
that are eco-friendly and mostly renewable. These green routes for producing and storing
energy are super-capacitors [1], solar cells [2], batteries [3] and stretchable piezoelectric
energy-harvesting devices [4]. Among them, batteries involve the use of acid that degrade
the environment, while solar cells also have environmental issues.

However, capacitors and energy-harvesting devices are the cheapest, clean, and highly
durable to produce or store energy [1,4]. Piezo-electric energy-harvesting devices or stretch-
able devices are promising sources of renewable energy sources and are thus explored
in the present work. Piezo-electric materials include a family of materials ranging from
crystalline materials, such as quartz-analogous crystal [5], ceramics materials, such as
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PZT [6], lead-free ceramics, such as barium titanate [7], semiconductors [8], and dielectric
polymers [9].

Among them, PZT was found to be the most promising piezo-electric material [10]
but due to its poisoning effect, its use is limited [11]. Thus, new lead-free materials were
used especially based on dielectric polymers as practiced in this work [12]. These polymer-
based stretchable devices are composed of a flexible substrate and electrode [13]. Both
electrodes and substrate are made up of elastomer matrix namely silicone rubber, which is
soft and has the high stretchable ability as desired. The electrode is generally made up of
conductive composites, which are generally composed of carbon nanotubes mixed with
silicone rubber [14] while the substrate is made up of virgin or filled composites [15].

The piezo-electric effect based on dielectric polymer and the mechanism of energy
harvesting from the piezo-electric device is shown in Scheme 1. The basic principle of piezo-
electricity involves the development of electrical energy via mechanical deformation. When
a mechanical strain is applied to piezo-electric material, it generates opposite charges on
electrodes separated by the dielectric polymer substrate. The basic mechanism involves the
generation of more and more opposite charges with more duration of the mechanical strain
of the piezo-electric device and hence produces more voltage as described in Scheme 1.

 

Scheme 1. Mechanism of piezo-electric effect in lead-free dielectric polymers.

The polymer composites are made up of different types of polymers, such as elas-
tomers [16] or thermosets [17]. The elastomers are frequently used for stretchable devices.
These elastomers are made of natural rubber [18] or synthesized rubber, such as diene
rubbers [19] or silicone rubber [20]. Among them, silicone rubber is most promising due to
its ease of process, ease of cure, and hardness of around 40 [21].

These properties make silicone rubber a promising candidate for soft and stretchable
devices, such as actuators [22] and strain sensors [23]. Virgin rubber has poor properties and
is sticky and not useful for any applications. Therefore, curing is performed to improve the
composites’ general properties (mechanical properties). Still, these mechanical properties
are not enough to be suitable for practical applications. Thus, traditional fillers, such as
carbon black were added while improving not only mechanical properties but also the
thermal and electrical properties of rubber composites [24].

However, the carbon black used in these composites in high amounts (notably > 60 phr)
and high loading alters the viscoelastic properties of rubber composites [25]. To fix this
issue, nanofillers are employed in the last few decades that show robust improvement in
properties at lower loading without altering the viscoelasticity of the composites. These
nanofillers are clay minerals [26], silica [27], graphene [28] and carbon nanotube [29].

Among them, carbon nanotube was found utmost promise due to its favorable mor-
phology and high aspect ratio [30]. Thus, the carbon nanotube is used in the present work
as a nanofiller and high properties were reported at as small as 2 phr loading in the rubber
matrix [31]. In addition to the carbon nanotube, copper particles are added to improve
the overall properties of the composites [32]. Copper is considered a high-performance
candidate for various applications due to its outstanding physio-mechanical properties.
Due to different particle sizes of copper particles ranging from nanometer range to micron
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range. They can be used in rubber matrix as a reinforcing agent for improving various
engineering applications.

Various studies demonstrate that copper is an outstanding material for improving
electrical and thermal properties [33–37]. For example, Wang et al., report that copper can
be used as a thermally conductive material in polybenzoxazine-based composites when
added with boron nitride [33]. Their study further reports that copper can be successfully
used to solve heat diffusion problems in electronic packaging [33]. Further studies by Yin
et al., show that the copper nanowires introduced in boron nitride nanosheets can be useful
for thermal management problems in flexible electronics [34].

Yang et al., studied the binary fillers, such as copper and tin in PVDF and improved
the electrical conductivity by an order of magnitude as reported [35]. Moreover, Boudenne
et al., studied the electrical and thermal behavior of the PP filled with two different types
of copper particles and improved properties are reported [36]. They investigate the effect
of particle size of copper particles and higher heat transport; an effective filler percolation
threshold was attained from copper with small particle size [36].

In another study by Kumlutas et al., the effect of the shape of copper particles on
thermal properties was noticed [37]. In their study, the copper particles with platelet or
spherical or short fibers shapes were added to polyamide to study the orientation effect on
the thermal properties of the composites [37]. The copper particles with shapes in form of
fibers were found to be effective in enhancing thermal properties [37].

However, studies on copper particles in hybrid with MWCNT in silicone rubber
for different types of mechanical properties, such as stretching ability, tribology, etc. are
not yet reported and especially for piezoelectric energy harvesting applications. In our
previous study, Mannikkavel et al., investigate the piezoelectric energy-harvesting device
for MWCNT electrodes and HTV-RTV silicone rubber but only up to 1 V, and durability of
50,000 cycles was noticed [14].

One of the key limitations of our previous work was the poor voltage stability and dura-
bility of the device [14]. In this work, the substrate of the piezoelectric energy-harvesting
device was filled with 1 phr of copper, MWCNT, or their hybrid, and their output voltage
was monitored. The novelty in this work involves the use of copper, MWCNT or their
hybrid as a reinforcing material in dielectric silicone rubber. The use of copper in single and
hybrid forms is advantageous in piezoelectricity in the present work because it improves
the electrical, mechanical, and thermal properties.

Mechanical properties, such as the stretching ability of piezo-electric devices are
often ignored in studies but they are of great importance and studied in the present work.
With the addition of MWCNT, the electrical properties are improved significantly but the
stretching ability is greatly suppressed. It is because the addition of MWCNT promotes
enhancing cross-linking density thereby making the composite stiff, and fragile and cracks
are formed at an early stage of deformation thereby leading to the falling of voltage when
used as electrodes in energy-harvesting devices [14].

Thus, we need a material that can improve stretching ability and maintain electrical
conductivity with MWCNT to obtain robust performance in energy harvesting in stretching
devices. For that, copper is ideal to achieve high performance by enhancing stretching
ability and optimum crosslinking density without harming electrical properties as obtained
by MWCNT in the electrode. From experiments, the output voltage was as high as ~6 V,
and durability for MWCNT-based substrate was >0.4 million cycles. Thus, the present
work was advantageous in terms of the amount of output voltage, stability of voltage and
high durability.

2. Materials and Methods

2.1. Materials

The RTV silicone rubber with the commercial name “KE-441-KT” with a transparent
appearance was obtained from Shin-Etsu Chemical Corp. Ltd. (Tokyo, Japan). It was
used as an elastomeric matrix for the present work. The vulcanizing agent “CAT-RM” was
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obtained from Shin-Etsu Chemical Corp. Ltd. The multi-wall carbon nanotube (MWCNT)
was used as a reinforcing nanofiller. The MWCNT has a diameter of <15 nm, lateral
dimensions of 500 nm–1 μm and thus a high aspect ratio of >65. The chemical purity of the
MWCNT was >95% and with a commercial name of “CM-100” and purchased by Hanwha
Nanotech Corporation Ltd. (Seoul, Korea). The micron-size copper particles were obtained
from Duskan Reagents (Ansan-si, Korea). The mold-releasing agent was obtained from
Nabakem (Pyeongtaek-si, Korea).

2.2. Preparation of Composites

The fabrication of novel rubber composites was started following the previous work
instructions [14]. The optimized route involves the preparation method of spraying the
molds with a mold-releasing agent and keeping them drying at room temperature for 2–3
h. Then, the liquid state of RTV-SR (without the use of solvent) was poured into a beaker
and a known amount of nanofillers was added (Table 1) to RTV-SR and mixed thoroughly
for up to 10 min.

Table 1. Fabrication of the different rubber composites.

Formulation
RTV-SR

(phr)
MWCNT

(phr)
Copper

(phr)
Vulcanizing

Solution (phr)

Virgin 100 – – 2

RTV-SR/MWCNT 100 1–3 – 2

RTV-SR/Hybrid 100 0.5–1.5 0.5–1.5 2

RTV-SR/Copper 100 – 1–3 2

After the filler-rubber mixing phase, the 2 phr of the vulcanizing agent were added
to the composite and mixed for 1 min before pouring them into the sprayed molds.
These molds were cylindrical (10 × 20 mm) for compressive properties or rectangular
(2 × 60 × 60) for tensile properties. The molds were then manually pressed and kept at
room temperature for curing for 24 h. Then, the samples were taken out of molds and tested
for improved properties and novel applications, such as piezoelectric energy harvesting.

2.3. Characterization Technique

The morphological features and dispersion of filler were together studied through SEM
microscopy (S-4800, Hitachi, Tokyo, Japan). The composite samples were sliced into 0.5 mm
thick samples through a surgical blade and mounted onto an SEM stub before coating.
Both powder samples and composite samples were sputtered with platinum coating for at
least 2 min to make the surface electrically conductive for SEM examinations. The crosslink
densities of rubber composites were calculated based on Flory–Rehner equation [38] as

Vc = − [ln(1 − Vr) + Vr + χV2
r ]

Vsdr

(
Vr

1
3 − Vr

2

) (1)

where Vc denotes the crosslink density, χ = 0.465 is the interaction parameter for silicone
rubber and toluene system [39], Vs = 106.2 is the molar volume of swelled solvent toluene,
dr is the density of the rubber, and Vr is the volume fraction of rubber in the swollen state.
The volume fraction of rubber was calculated from equilibrium swelling data for 7 days in
toluene. The Vr was calculated as—

Vr =
(wr/dr)

(wr/dr + ws/ds)
(2)

where wr and ws are the weight of rubber and solvent, respectively; and dr and ds are the
densities of rubber and solvent, respectively.
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The compressive and tensile mechanical properties were examined through a universal
testing machine (UTS, Lloyd Instruments, Bognor Regis, UK). The compressive mechanical
properties were tested on cylindrical samples (20 × 10 mm) at a strain rate of 2 mm/min and
up to 35% maximum strain. This strain value was selected because the sample fractured at
a higher strain. The tensile mechanical properties were tested on dumbbell-shaped samples
with a gauge length of 25 mm and thickness of 2 mm. The strain rate of tensile tests was
maintained at 200 mm/min.

These mechanical measurements were obtained according to DIN 53 504 standards.
The tribometer used in the present work was obtained from HM Hanmi Electronics, Korea.
The model is “STM Smart”, and the model name is “universal material testing machine”.
The experiments were performed at a load of 5 N, frequency of 3 Hz and distance of up to
50 m. The experimental set up and dimensions of pin used in experiments were described
in Scheme 2. The sample dimensions are 25 cm × 10 cm, and the thickness is 0.8 cm.

 

Scheme 2. Schematic of the (a) reciprocating tribometer; (b) Tribometer pin dimensions.

The output voltage and durability of the stretchable device were performed by a
mechanical testing machine (Samick-THK, Daegu, Korea) under cyclic loading. The optical
image, dimension of the sample, area of the electrode, dimension of substrate and electrode,
and other useful information were described in the previous study [14]. The measurements
were performed on an 8 mm thick substrate sandwiched by a 0.2 mm thick electrode in the
stretchable device. The substrate was made up of different composites filled with 1 phr of
copper, MWCNT or their hybrid and the electrode was made up of 2 phr MWCNT and
2 phr MoS2. MoS2 was added to improve the fracture strain of the MWCNT as optimized
in a previous study [21].

3. Results and Discussions

3.1. Morphology of Filler Particles

The morphology of the filler particles in composites significantly influences the prop-
erties [40]. The filler with favorable morphology is dispersed easily and uniformly and
leads to improved properties. Thus, it is important to study the morphology of the filler in
the present study through SEM into a number of samples and their representative images
are reported. Figure 1a shows the morphology examination of MWCNT. MWCNT has
1-dimensional (1-D) morphology with a tube shape appearance and is a nanofiller since its
dimensions are in nm scale.
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Figure 1. (a) SEM of filler particles: (a) MWCNT; (b) Copper particles.

Since its invention by S. Iijima in 1991 [41], it has become a promising candidate for
filler, and various studies prove that it is a promising reinforcing filler and a candidate for
improving electrical and thermal properties due to its high aspect ratio [42]. Moreover, its
high surface area allows higher stress transfer from polymer chains to filler particles due to
higher interfacial area and their interactions [43]. The copper particles are of irregular shape
and 3-D in nature as shown in Figure 1b. The copper particles are micron-sized particles
and usually have poor reinforcing properties as compared with MWCNT. Its small surface
area is also responsible for its poor mechanical, electrical and thermal properties when
used as filler in rubber composites. The dispersion of filler also influences the properties
significantly and studied in Figure 2.

3.2. Filler Dispersion of Composites through SEM Microscope

In this work, filler dispersion is studied through an SEM microscope. Multiple images
per sample were recorded and their representative images at different resolutions are
presented in Figure 2. All the samples show uniform dispersion of filler with no signs of
aggregations. However, the virgin samples show a neat rubber matrix with no presence of
filler as excepted. The samples filled with MWCNT show that the MWCNT particles form
long-range filler networks in the composite.

This is attributed to the higher aspect ratio of MWCNT (65) that allows continuous
network formation in the composite. These features support the higher properties of
the MWCNT-based composites [42,43]. Moreover, the interfacial interactions between
MWCNT particles and polymer chains in rubber matrix are good, which also support
higher properties of MWCNT composites.

The higher filler–polymer interfacial interactions are supported due to the higher
interfacial area, which is provided by the higher surface area of MWCNT. In copper-based
composites, since the particle size is in the micron range and the copper has a poor aspect
ratio, the dispersion of copper is scarce in the rubber matrix due to the presence of a smaller
number of copper particles in the rubber matrix. In some cases, the polymer chains are
adsorbed on the copper particles, which expect higher reinforcement but due to the scarcity
of several copper particles, the reinforcement excepted is low as compared to MWCNT
composites.

However, in the case of hybrid composites, the SEM micrographs show that the
polymer chains are not only adsorbed on micro copper particles but the MWCNT particles
are also found in the vicinity of these copper particles. This behavior could result in
synergism among the binary filler particles with improved reinforcing properties. In a
few cases, the hollow structures are formed near copper particles while in some cases the
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polymer chains were found adsorbed on copper particles along with the MWCNT particles
and this behavior affects the properties of the hybrid composites.

The features, such as the formation of the hollow structures around copper particles
in the rubber matrix, mimic the sinking of solid copper particles in polymer solution
with poor interfacial activity. These features support poor reinforcing effects, especially
when compared with MWCNT as only fillers in composites. The XRD data of the hybrid
composite to show that copper particles and MWCNTs are properly embedded in the
rubber matrix is presented in Figure S1 (supporting information).

 

Figure 2. SEM of composites at 3 phr loading except virgin: (a–c) Virgin; (d–f) MWCNT; (g–i) Copper;
(j–l) Hybrid.

3.3. Cross-Linking Density of Filled Composites

The cross-linking density of different composites at 3 phr is presented in Figure 3.
We found from the experimental testing that the crosslink density was higher for hybrid
composites and highest for MWCNT-based composites while lowest in copper composites.
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The higher cross-linking density in MWCNT is due to its nanoscale dimensions, which help
the even dispersion of the curatives in the rubber matrix.

 
Figure 3. Cross-link density of different composites at 3 phr loading.

Another feature of MWCNT is its higher surface area, which also allows the better
dispersion of curatives in rubber matrix [44]. The poor cross-linking density of copper is
due to its micron range size and poor surface area, which leads to uneven dispersion of
curatives and leads to a poor density of curatives. These measurements were correlated
with the mechanical properties of composites in subsequent sections of the manuscript.

3.4. Mechanical Properties

The mechanical properties, such as mechanical stretching ability or stretch until frac-
ture, of composites, are vital to be studied for stretchable devices [45] studied in this work.
The mechanical stretchability of a device depends upon several parameters, such as filler
dispersion [46], the morphology of filler [47], an aspect ratio of the filler [48], the type of
rubber matrix used [49], or the type of mechanical deformation [14]. Here, compressive and
tensile strain were applied, and the mechanical behavior of the stretchable device under
different strains were explored.

3.4.1. Under Static Compressive Strain

The mechanical behavior of the composites under compressive strain was studied
and presented in Figure 4a–c. We found that the compressive stress increases with an
increase in compressive strain. It is attributed to the increase in packing density [50] of
polymer chains and filler particles, which increases with an increase in compressive strain.
Moreover, it was interesting to note that the compressive stress increases linearly up to 15%
compressive strain and then increases exponentially up to 35%, especially in the case of
MWNT composites in Figure 4a.
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Figure 4. Compressive mechanical properties: (a) stress train of MWCNT; (b) stress–strain of Copper;
(c) stress–strain of hybrid composites; (d) compressive modulus of different composites.

Such an increase is due to the higher anisotropic behavior of MWCNT and its higher
aspect ratio [48] than copper particles. In addition to this, it was also interesting to note
that with an increase in filler content from 1 to 3 phr, the compressive stress increases for all
fillers. It is attributed to the formation of filler networks [51] and enhanced filler–polymer
and filler–filler interactions [52] that lead to induced stiffness making the composite tough
and highly reinforced.

In Figure 4d, the behavior of compressive modulus as a function of filler content is
proposed. We found that the compressive modulus increases with an increase in filler
content. It is due to improved interfacial interaction among filler and rubber matrix [52,53],
which increases with the increase in filler volume fraction in the composite. In addition,
it is noteworthy that up to 1 phr, the MWCNT, and hybrid composites show the highest
compressive modulus while after 1 phr, MWCNT leads to higher values till 3 phr. It
is attributed to higher filler anisotropy and aspect ratio of MWCNT, which make it a
promising reinforcing agent for rubber matrix [48].

The higher modulus for hybrid composites at 1 phr is due to synergism among
MWCNT and copper particles. After 1 phr, the modulus was lower than MWCNT while
higher than copper particles. The lowest modulus of copper particles is due to its poor
aspect ratio of nearly 1, poor reinforcing effect, and poor interfacial interaction due to
small surface area and particle size in the micron range. The poor mechanical properties of
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copper are also due to a decrease in crosslinking density of the curatives with the addition
of copper particles as justified in Figure 3.

3.4.2. Under Static Tensile Strain

The behavior of stress–strain profiles under tensile strain was reported in Figure 5a–c.
Particularly, these measurements help us to determine properties, such as the modulus,
tensile strength, and fracture strain of composites [54], as presented in Figure 5d–f. We
found from stress–strain curves that the tensile stress increases with increasing tensile strain
until fracture strain. Such a property can be stated as improved interactions in composites,
such as cross-linking density [55] and other interfacial interactions [52,53].

 

Figure 5. Stress–strain curves: (a) MWCNT composites. (b) Copper composites. (c) Hybrid com-
posites. (d) Tensile modulus of different composites. (e) Tensile strength of composites. (f) Fracture
strain of different composites.
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With an addition of filler in the rubber matrix, the tensile stress increases with in-
creasing filler content in the composite. This can be attributed to improved filler–filler
and polymer-filler interactions in the composites [53]. It is also interesting to note that the
mechanical properties except fracture strain were highest for MWCNT-based composites.
It is attributed to the higher anisotropy of MWCNT that allows it to form percolative
networks at lower filler loading of approx. 2 phr and higher mechanical properties, such as
tensile modulus and tensile strength was reported.

The behavior of tensile modulus (Figure 5d), tensile strength (Figure 5e), and fracture
strain (Figure 5f) of different composites [54] were studied and reported. We found that the
tensile modulus increases with an increase in filler loading for MWCNT-based composites
and was lower for hybrid and copper particles. Such an increase in modulus for MWCNT
is attributed to the higher anisotropic effect of MWCNT particles [56] with improved
interfacial interaction [52,53] and higher crosslink density resulting in a higher modulus.

However, the tensile modulus is lower for hybrid and copper-based particles, which
is due to the poor reinforcing effect of copper particles due to the low anisotropic effect
of filler, poor interfacial interaction, and lower crosslinking density. Similarly, the tensile
strength was higher for hybrid composites up to 2 phr and higher for MWCNT at 3 phr. The
higher tensile strength for hybrid composites is due to the synergistic effect and the higher
tensile strength at 3 phr for MWCNT was due to the high anisotropic effect of MWCNT as
a filler in composites [48].

In the end, the fracture strain was higher for copper and hybrid composites and lower
for MWCNT-based composites. The higher fracture strain for a hybrid at 1 phr is due to
the synergistic effect among the binary filler and the higher for copper composites is due to
lower crosslinking density for copper-filled composites. The lower crosslinking density
simulates the freer motion of polymer chains leading to higher fracture strain.

3.5. Theoretical Prediction of Hybrid Rubber Composites via Different Models

The theoretical prediction of modulus for one and two-component systems are well
known in the literature [56]. These models generally depend on the aspect ratio of the
filler, the volume fraction of the filler, and their interactive factors for a two-component
system. Existing models, such as the Guth–Gold Smallwood model [56,57] and Halpin-Tsai
theoretical equations [56,58] were used to study its deviation with the experimental results
in the present study. After plotting the equations, it was found that the existing models fall
within the experimental results, especially at lower volume fractions of the filler and the
results are presented in Figure 6a,b.

The Guth–Gold Smallwood equation for two components system [56] can be written
as—

E1+2 = Eo [(1 + 0.67f1φ1) + (1 + 0.67 f2φ2)]×i’ (3)

Here, the E1+2 is the combined predicted modulus of the hybrid system. Then, φ1 and
φ2 are the volume fraction of the filler of two components. “i” is the interactive interaction
parameters of the model. f1 and f2 are the aspect ratio of the fillers. The above model can be
produced by setting the interactive species in a range of “0.4–0.5”, which directly depends
mainly on the volume fraction of the filler in the rubber matrix. The physical significance of
the interactive factor is that the higher the value of the volume fraction of the filler particles
and the higher the interaction among the filler particles and their interfacial interaction
species. Similarly, the Halpin-Tsai theoretical equations for two components [56] can be
written as—

E1+2 = Eo [(1 + 2 f1φ1)/(1 − φ1) + (1 + 2 f2φ2)/(1 − φ2 )]×i’ (4)
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Figure 6. Theoretical model’s vs. experimental values: (a) modeling for compressive modulus;
(b) modeling for tensile modulus; (c) comparative of different theoretical models; (d) models’ predic-
tion via. different filler content.

Here, all the components are the same as the above models except “Eo”, which means
modulus of unfilled rubber. Both the models agree well with the experimental behavior
of the composites up to 2 phr and then deviate. However, the Guth–Gold Smallwood
model is closest to the experimental data. The interactive factor “i” for two components
composite system was calculated and their corresponding values of modulus are reported
in Figure 6c,d.

We found from the plots that the corresponding modulus increases with increasing
interacting factors. It is also interesting to note that the interactive factor shifts as filler
loading increases in the rubber matrix (Figure 6d). It is attributed to the synergistic effect of
the two filler components in the composite. Moreover, the increases are due to filler–filler
and interfacial interactions with increasing interactive factors in the composites. Here,
the values of the interacting factor are in the range of 0.1 (poor interaction) to 1 (perfect
interaction). However, experimentally, it is difficult to reach an interactive factor value of 1.

3.6. Tribology Properties of Rubber Composites

The tribological properties, such as the coefficient of friction of the rubber composites
were studied and explored in the present study (Figure 7a,b). From the results, the proper-
ties were found to be correlated with the crosslink density (Figure 3) of the composites [44].
The copper with lower crosslink density was found to exhibit a higher coefficient of friction,
which is higher than all composites including virgin samples. The experiments show
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that the best tribology properties, such as the lowest coefficient of friction were found in
composites filled with MWCNT. The hybrid composite shows a coefficient of friction higher
than MWCNT and lower than copper-based composites. Thus, a hybrid composite can be
a candidate for optimum and medium tribological properties. The superior tribological
properties of MWCNT are attributed due to its higher crosslinking density, high aspect
ratio and higher polymer-filler interfacial interaction in the composite.

 

Figure 7. (a) coefficient of friction and data points; (b) coefficient of friction and distance.

4. Industrial Applications

4.1. Voltage Output of Different Types of Stretchable Devices

The specimen thickness is 8 mm in the compression loading, and the load is applied
for 4 mm at 2 Hz. All three specimens are of the same dimensions. Electrode thickness is
0.2 mm painted on both sides of the substrate. Copper tape is attached to the electrode to
connect it to the digital multimeter to record the voltage output, which is obtained from
the flexible specimen. Load is applied for one hour, which applies 7200 cycles of loading to
the specimen. The constant amplitude of loading is maintained during the testing. During
the testing, the electrode material is kept constant. The only change is done in the substrate
materials. CNT + MoS2 binary filler reinforcement is chosen for preparing the electrode.

In the substrate, three different types of filler are reinforced in each specimen category.
The performance of the substrate on reinforcing fillers with the polymer is studied in this
experiment. When CNT is reinforced into the substrate, the voltage is around 1.25 V from
the initial cycles. Due to the piezoelectric nature of the silicone polymer, the voltage is
produced from the deformation. The geometry of the specimen is similar to the capacitor.
Applying further loading during voltage production causes the activation of charge carriers
from the substrate. The voltage production is kept constant until the end of 7200 repeated
cycles for one hour of loading at 2 Hz. It represents the constant voltage production due to
the activation of charge carriers in the steady state, which is represented in Figure 8a.
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Figure 8. Piezoelectric energy-harvesting devices with different types of substrates: (a) MWCNT
substrate; (b) copper substrate; and (c) hybrid substrate.

Figure 8b consists of a copper-reinforced substrate. Its voltage value in the initial
loading is around 1 V. This value is suddenly decreasing due to the breakage of the electrode
on initial repeated loading. Then, saturation occurs in the breakage, and a constant voltage
is produced until the end of 7200 cycles. In comparison to the CNT-based substrate, the
copper-based specimen can be able to produce less amount of voltage. Similarly, the hybrid
specimen also produces a constant amount of voltage on repeated loading (Figure 8c). The
voltage production from the hybrid specimen is slightly above 1 V. When compared with
the CNT, CNT can produce more dense voltage than other materials. It is very clear from
the obtained graphs of three different materials.

4.2. Durability of the Stretchable Device for the Best Candidate MWCNT Substrate

The specimen’s substrate thickness is 8 mm over 0.2 mm electrodes painted on both
sides. MWCNT is added to the substrate. The electrode is made of reinforcing MWCNT and
MoS2 nanoparticles. 21 mm hemispherical loader is used for applying load to the specimen.
The flexible electrodes are connected to the multimeter to determine the produced voltage
via the copper electrode. Over the 8 mm substrate, the deformation is applied for 50%,
which is 4 mm. The load is applied at the frequency of 2 Hz.

On applying a deformation to the specimen, the piezoelectric specimen can be able
to produce voltage output. The specimen can produce continuous voltage output during
repeated loading cycles. During the initial cycles of loading, as increasing the number of
cycles, the voltage is also getting increased. This is caused by charge carriers activating at an
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increasing rate [59]. After 8000 cycles, the voltage value is maintained constant, improving
the number of cycles for up to 71,000. Then, the voltage value is slightly increasing due to
the activation happening at the enhanced rate. The voltage value is slightly increasing for
up to 135,000 cycles.

Again, the rise in voltage due to the activation occurs in the enhancing rate. After
that, there is a sudden increase in voltage. It is mainly because of the electrodes’ charging
for a long time. Applying load further causes voltage enhancement in a more significant
amount [59]. Then the voltage is gradually increasing. The voltage value around 100 thou-
sand cycles is less than 2 V. During 200 thousand cycles, the voltage value is around 3 V.
50% voltage value is improved from 100 thousand to 200 thousand cycles.

Again, the voltage value improves as the number of cycles increases. The maximum
voltage obtained around 300 thousand cycles is less than 5.5 V. Increasing the number of
cycles further causes the improvement of voltage, which reaches the maximum voltage
value of around less than 6 V at 350 thousand cycles. After that, the improvement of
loading causes the decrement of voltage. This is due to the breakage of the electrode due to
repeated cycles. The breakage in the electrode causes the conductivity path breakdown
in the electrode. It causes a reduction in the voltage generated from the specimen. The
electrode cannot transport the voltage generated from the specimen due to its reduced
conductivity. The voltage value was reduced up to 380 thousand cycles. This is due to the
gradual breakdown of the electrode, causing the regular voltage reduction. Then saturation
occurs in the electrode breakdown causing the stabilization of voltage production on
repeated cycles. The voltage variation for 0 to 400 thousand cycles is shown in Figure 9a,d.

Figure 9. Piezoelectric energy-harvesting devices with different number of cycles for MWCNT
substrate: (a) 0.1 million cycles; (b) 0.2 million cycles; (c) 0.3 million cycles; and (d) 0.4 million cycles.
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5. Conclusions

The present work develops and studies impressive voltage generation of around ~6 V
in stretchable devices based on rubber composites with high durability of >0.4 million cycles.
These rubber composites were obtained by solution mixing of RTV-SR and different types
of nanofiller, such as MWCNT or copper particles with micron size and their hybrids. The
dispersion of these particles was obtained from SEM micrographs and uniform dispersion
was noticed. MWCNT shows 1-D tube-shape morphology with an aspect ratio of around
65, while copper particles were 3-D, the irregular shape and a low aspect ratio of around 1.

The mechanical stretchability and compressive modulus were studied and correlated
with the stretchable device performance. For example, the compressive modulus was 1.82
MPa (virgin) and increased at 3 per hundred parts of rubber (phr) to 3.75 MPa (MWCNT),
2.2 MPa (copper particles), and 2.75 MPa (hybrid). Similarly, the stretching ability for the
composites used in fabricating devices was 148% (virgin) and changes at 3 phr to 144%
(MWCNT), 230% (copper particles), and 199% (hybrid).

In the end, the results were summarized and concluded and the properties were
correlated with the high performance of the stretchable devices. In conclusion, this work
addresses the methods to obtain high-performance stretchable devices with novel properties
and applications, such as flexible electronics or electronic packaging. The work also
supports the use of RTV-SR suitability to obtain desired flexibility and stretchability to be
useful for engineering applications. This work also recommends that hybrid fillers can also
be useful to obtain optimum stiffness and stretchability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14183744/s1, Figure S1: XRD of the hybrid composite
containing copper and MWCNT particles.
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Abstract: The combination of auxetic honeycomb and CNT reinforcement composite is expected
to further improve the impact protection performance of sandwich structures. This paper studies
the low-velocity impact response of sandwich plates with functionally graded carbon nanotubes
reinforced composite (FG-CNTRC) face sheets and negative Poisson’s ratio (NPR) auxetic honeycomb
core. The material properties of FG-CNTRC were obtained by the rule of mixture theory. The auxetic
honeycomb core is made of Ti-6Al-4V. The governing equations are derived based on the first-order
shear deformation theory and Hamilton’s principle. The nonlinear Hertz contact law is used to
calculate the impact parameters. The Ritz method with Newmark’s time integration schemes is used
to solve the response of the sandwich plates. The (20/−20/20)s, (45/−45/45)s and (70/−70/70)s
stacking sequences of FG-CNTRC are considered. The effects of the gradient forms of FG-CNTRC
surfaces, volume fractions of CNTs, impact velocities, temperatures, ratio of plate length, width
and thickness of surface layers on the value of the plate center displacement, the recovery time of
deformation, contact force and contact time of low-velocity impact were analyzed in detail.

Keywords: FG-CNTRC; auxetic honeycomb core; negative Poisson’s ratio; low-velocity impact

1. Introduction

As the “Nanometer” material science, typified by carbon nanotubes (CNTs), develops,
the widespread use of CNTs reinforcement composite (CNTRC) has brought changes to
the sensor, intelligent medical and shelter structure fields [1–3]. The CNTs could improve
the mechanical properties of composite and are remarkable as an ideal reinforcement.
Shen [4] introduced functionally graded properties into CNTRC by designing the volume
fraction of CNTs along the thickness direction, which avoids material properties suffering
degradation due to the high levels of CNTs. Then, Kwon et al. [5] successfully made FG-
CNTRC using powder metallurgy technology. At this point, large numbers of studies on the
buckling [6–17] and vibration [18–31] analyses of FG-CNTRC structures have been carried
out. Because of the low-velocity impact during the manufacture, installation use and
maintenance, the inside structure of composite could be damaged and the lifting capacity
will decrease and even fail. Therefore, studies on the low-velocity impact of FG-CNTRC
were also carried out [32–42].

Most natural materials have the properties of expanding (contracting) laterally when
compressed (stretched) longitudinally, which can be defined as positive Poisson’s ratio
materials. In recent years, auxetic material has generated a lot of interest among researchers
due to the negative Poisson’s ratio (NPR) properties [43–45]. Re-entrant [46], chiral [47] and
other various materials have been proposed. Due to the outstanding performance on en-
ergy absorption [48–50], crashworthiness [51,52], and low-velocity impact resistance [53,54],
auxetic material has been increasingly applied in biological medicine, photonics, energy
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storage, thermal management, and acoustic areas [55]. As an ideal core of sandwich struc-
tures, auxetic material could be used in shield structures in aerospace and civil engineering.
Therefore, the nonlinear mechanical response of the sandwich structure with an auxetic hon-
eycomb core [56,57] was analyzed by Li, Shen, and Wang [58–64]. Wan et al. [65] analyzed
the uniaxial compression or expanded properties of auxetic honeycombs. Grima et al. [66]
proposed a hexagonal honeycomb with zero Poisson’s ratios. Assidi and Ganghoffer [67]
represented a composite with auxetic behavior and proved that the overall NPR could
improve the mechanical properties. Grujicic et al. [68] focused on the sandwich structures
with an auxetic hexagonal core and built the multi-physics model of fabrication and dy-
namic performance. Liu et al. [69] investigated the propagation of waves in a sandwich
plate with a periodic composite core. Qiao and Chen [70] analyzed the impact response of
auxetic double arrowhead honeycombs. Zhang et al. [71] analyzed the in-plane dynamic
crushing behaviors and energy-absorbed characteristics of NPR honeycombs with cell
microstructure. Zhang et al. [72] analyzed the dynamic mechanical and impact response on
yarns with helical auxetic properties.

There are two main methods to propose auxetic structures: the first is using auxetic
material as the core of sandwich plate [55]; and the second is changing the stacking sequence
and orientation of laminate [73,74]. To realize a larger NPR value using the second method
requires not only a specific stacking sequence but also a highly anisotropic properties of
each ply [75]. Due to the mechanical properties of CNTs, the longitudinal elastic modulus
E11 of CNTRC is much larger than the transverse elastic modulus E22 and large NPR
properties can be proposed by designing the stacking sequence of CNTRC laminate. Then,
Shen et al. [45,76] introduced the NPR property to the FG-CNTRC laminate and analyzed
the nonlinear bending and free vibration response. Yang, Huang, and Shen [77,78], as
well as Yu and Shen [79] analyzed the effects of an out-of-plane NPR property on large
amplitude vibration and nonlinear bending of the FG-CNTRC laminated beam and plate.
Fan, Wang [80] and Huang et al. [81,82] analyzed the dynamic response of the auxetic
FG-CNTRC.

The combination of auxetic honeycomb and CNT reinforcement composite is expected
to further improve the impact protection performance of sandwich structures. This paper
studies the low-velocity impact response of the sandwich plates with functionally graded
carbon nanotubes reinforced composite (FG-CNTRC) face sheets and a negative Poisson’s
ratio (NPR) auxetic honeycomb core. The rule of mixture theory was used to calculate the
material properties of FG-CNTRC with the PmPV matrix and CNTs reinforcement, while
the effective Poisson’s ratio was obtained by laminate plate theory (Section 2.2). The NPR
honeycomb core was made of Ti-6Al-4V (Section 2.3). The first-order shear deformation
theory and Hamilton’s principle were used to describe the governing equations of the
plate (Section 3.1). The nonlinear Hertz contact law was used to calculate the impact
parameters (Section 3.2). The Ritz method with Newmark’s time integration schemes was
used to solve the response of the sandwich plate (Section 3.3). After verifying the model,
the (20/−20/20)s, (45/−45/45)s and (70/−70/70)s three kinds of stacking sequence of
FG-CNTRC surfaces were considered. The effects of gradient forms of FG-CNTRC surfaces,
volume fractions of CNTs, impact velocities, temperatures, ratio of plate length and the
width and thickness of surface layers on low-velocity impact response were analyzed. The
value of plate center displacement, recovery time of deformation, contact force and contact
time were discussed in detail.

2. Modeling and Materials of Sandwich Plates

2.1. Modeling of Sandwich Plates

The sandwich plates with length a, width b and total thickness h are considered in
this research, as shown in Figure 1. The face sheets with a thickness h f are FG-CNTRC-
laminated structures composed of CNTRC layers with various volume fractions of CNTs.
The auxetic core with a thickness of hc is the negative Poisson’s ratio honeycomb structure
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using isotropic titanium alloy (Ti-6Al-4V). A coordinate system (x, y, z) with (x, y) plane in
the middle surface of the plate and z in the thickness direction is considered.

Figure 1. The sandwich plates with FG-CNTRC face sheets and auxetic honeycomb core.

2.2. Materials of FG-CNTRC Face Sheets

The CNTRC layers with the poly(m-phenylenevinylene)-co-((2,5-dioctoxy-p-phenylene)
vinylene) (PmPV) matrix are considered in this research. The material properties of the face
sheets can be obtained based on the rule of mixture theory [4].

E11 = η1VcEc
11 + VmEm, ρ = Vcρc + Vmρm,

η2

E22
=

Vc

Ec
22

+
Vm

Em ,
η3

G12
=

Vc

Gc
12

+
Vm

Gm ,

α11 =
VcEc

11αc
11 + VmEmαm

VcEc
11 + VmEm , ν12 = Vcνc

12 + Vmνm

α22 = (1 + νc
12)V

cαc
22 + (1 + νm)Vmαm − ν12α11

(1)

where the superscript c and m represent the material properties of CNTs and the matrix,
respectively. V is the volume fraction, in which Vm + Vc = 1. ηj(j = 1, 2, 3) is the efficiency
parameters of CNTs. The values are shown in Table 1. E, G, ν, ρ and α are the elastic
module, shear module, Poisson’s ratio, density and the thermal expansion of the materials,
respectively. The (10, 10) SWCNTs are considered as the reinforcement in this research and
the material properties are shown in Table 2. The material properties of the matrix PmPV
are shown in Table 3.

Table 1. The efficiency parameter of CNTs [4].

Vcnt η1 η2 η3

0.11 0.149 0.934 0.934
0.14 0.150 0.941 0.941
0.17 0.149 1.381 1.381

Table 2. The material properties of (10, 10) SWCNTs (tube radius = 0.68 nm, thickness = 0.067 nm,
length = 9.26 nm, νcnt

12 = 0.175) [10].

Temp (K) Ecnt
11 (TPa) Ecnt

22 (TPa) Gcnt
12 (TPa) νcnt

12
αcnt

11
(×10−6/K)

αcnt
22

(×10−6/K)

300 5.6466 7.0800 1.9445 0.175 3.4584 5.1682
400 5.5308 6.9348 1.9643 0.175 4.1496 5.0905
500 5.4744 6.8641 1.9644 0.175 4.5361 5.0189
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Table 3. The material properties of PmPV [76].

Temp (K) Epm (GPa) νpm αpm (×10−6/K)

300 2.10 0.34 45.00
400 1.63 0.34 47.25
500 1.16 0.34 49.50

The functionally graded properties of the CNTRC laminated structure are established
according to the arrangement of CNTRC layers with the CNTs’ volume fractions of 0.11,
0.14 and 0.17. As shown in Figure 2, four types of FG-CNTRC, namely FG-V, FG-A, FG-O,
FG-X and a uniformly distributed CNTRC with CNTs’ volume fractions of 0.14, namely
UD, can be obtained. The laminated arrangement of FG-CNTRC can be expressed as

FG − V: [(0.17)2/(0.14)2/(0.11)2]

FG − A: [(0.11)2/(0.14)2/(0.17)2]

FG − O: [0.11/0.14/0.17]s
FG − X: [0.17/0.14/0.11]s

(2)

Figure 2. The CNTs’ volume fractions arrangement of five types of CNTRC laminate.

For an anisotropic laminated plate, the effective Poisson’s ratios νe
13 and νe

23 can be
expressed as [44]

νe
13 = −

∣∣∣∣ A13 B6−1
B5−3 D

∣∣∣∣∣∣∣∣A5−1 B6−1
B5−1 D

∣∣∣∣
, νe

23 =

∣∣∣∣ A23 B6−2
B5−3 D

∣∣∣∣∣∣∣∣A5−2 B6−2
B5−2 D

∣∣∣∣
(3)

where A, B and D are the stiffness matrix of the FG-CNTRC laminated surface. The
aforementioned elements of the matrix are presented in Appendix A.

Combining the gradient forms of FG-CNTRC, the effective Poisson’s ratios could be
calculated as shown in Figure 3. Three typical stacking sequences including (20/−20/20)s,
(45/−45/45)s and (70/−70/70)s are considered to analyze the low-velocity impact response
under various effective Poisson’s ratios.

2.3. Materials of Auxetic Honeycomb Core

The honeycomb core made of Ti-6Al-4V with negative Poisson’s ratio properties is
considered in this research. The unit cell of the honeycomb is shown in Figure 4 and the
material properties of the honeycomb core can be obtained by [56]
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Eh
1 = ETi

(
th
lh

)3 cos θh

(hh/lh + sin θh) sin2 θh
, Eh

2 = ETi

(
th
lh

)3 (hh/lh + sin θh)

cos3 θh

νh
12 =

cos2 θh
(hh/lh + sin θh) sin θh

, Gh
12 = ETi

(
th
lh

)3 (hh/lh + sin θh)

(hh/lh)
2(1 + 2hh/lh) cos θh

Gh
13 = GTi

th
lh

cos θh
hh/lh + sin θh

, Gh
23 = GTi

th
lh

1 + 2 sin2 θh
2 cos θh(hh/lh + sin θh)

,

ρh = ρTi
th/lh(hh/lh + 2)

2 cos θh(hh/lh + sin θh)

(4)

where the superscript h and subscript Ti represent the material properties of honeycomb
and Ti-6Al-4V, respectively. lh represents the length of the inclined cell rib; th represents the
thickness of the cell rib; hh represents the length of the vertical cell rib; and θh represents
the inclined angle. The original properties of the honeycomb can be controlled by the
parameters above. The material properties of the Ti-6Al-4V are mentioned in Table 4.

a b

dc

Figure 3. The effective Poisson’s ratios of FG-CNTRC laminated plates: (a) νe
13 for (θ1/θ1/θ2)s

laminates of type FG-X; (b) νe
23 for (θ1/θ1/θ2)s laminates of type FG-X; (c) νe

13 for (20/−20/θ2)s

laminates; and (d) νe
23 for (20/−20/θ2)s laminates.
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Figure 4. The structure of the auxetic honeycomb core.

Table 4. The material properties of Ti-6Al-4V.

Material Properties ETi (GPa) ν12 ρTi (g/cm3)

Ti-6Al-4V 122.56 × (1–4.586 × 10−4T) 0.342 4.43

3. Computational Methods

3.1. Governing Equations

The first-order shear deformation theory is used to describe the sandwich plate with
length a, width b and thickness h, as shown in Figure 1. The displacement field (ū, v̄, w̄)
can be expressed as

ū(x, y, z, t) = u(x, y, t) + zφx(x, y, t)

v̄(x, y, z, t) = v(x, y, t) + zφy(x, y, t)

w̄(x, y, z, t) = w(x, y, t)

(5)

where u, v and w are the translation displacement components at the mid-plane in the x, y
and z directions, respectively. φx and φy denote the rotation of the normal to the mid-plane
along the y axis and x axis, respectively. The relationship between strain and displacement
can be expressed as

ε = ε0 + zκ0

γ = γ0
(6)

where

ε =

⎡
⎢⎣

εxx

εyy

γxy

⎤
⎥⎦, ε0 =

⎡
⎢⎢⎢⎢⎢⎢⎣

∂u
∂x
∂v
∂y

∂v
∂x

+
∂u
∂y

⎤
⎥⎥⎥⎥⎥⎥⎦

, κ0 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

∂φx

∂x
∂φy

∂y
∂φy

∂x
+

∂φx

∂y

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

,

γ =

[
γyz

γxz

]
, γ0 =

⎡
⎢⎢⎣

φy +
∂w
∂y

φx +
∂w
∂x

⎤
⎥⎥⎦.

(7)

Considering the temperature effect, the stress component based on a linear constitutive
relationship can be written as
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⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

σxx
σyy
τxy
τyz
τxz

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

=

⎡
⎢⎢⎢⎢⎣

Q̄11 Q̄12 0 0 0
Q̄21 Q̄22 0 0 0

0 0 Q̄66 0 0
0 0 0 Q̄44 0
0 0 0 0 Q̄55

⎤
⎥⎥⎥⎥⎦

⎛
⎜⎜⎜⎜⎝

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

εxx
εyy
γxy
γyz
γxz

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

−

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

α11
α22
0
0
0

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

ΔT

⎞
⎟⎟⎟⎟⎠ (8)

where ΔT is the temperature change and the transformed stiffness Q̄ can be calculated by

⎡
⎢⎢⎢⎢⎢⎢⎣

Q̄11
Q̄12
Q̄22
Q̄16
Q̄26
Q̄66

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

c4 2c2s2 s4 4c2s2

c2s2 c4 + s4 c2s2 −4c2s2

s4 2c2s2 c4 4c2s2

c3s
(
cs3 − c3s

) −cs3 −2cs
(
c2 − s2)

cs3 (
c3s − cs3) −c3s 2cs

(
c2 − s2)

c2s2 −2c2s2 c2s2 (
c2 − s2)2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎣

Q11
Q12
Q22
Q66

⎤
⎥⎥⎦

⎡
⎣ Q̄44

Q̄45
Q̄55

⎤
⎦ =

⎡
⎣ c2 s2

−cs cs
s2 c2

⎤
⎦[ Q44

Q55

]
(9)

where s and c are the sin and cos of the lamination angle against the x axis of the plate.
Furthermore, the stiffness parameters can be given as

Q11 =
E11

1 − v12v21
, Q22 =

E22

1 − v12v21
, Q12 =

v21E11

1 − v12v21

Q44 = G23, Q55 = G13, Q66 = G12

(10)

The strain energy of the sandwich plate U p can be expressed as

U p =
1
2

∫
Ω

ε̄TSε̄dΩ (11)

where ε̄ = (ε0, κ0, γ0)T is the strain matrix, S is the material constant matrix and

S =

⎡
⎣ A B 0

B D 0

0 0 As

⎤
⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A11 A12 A16 B11 B12 B16 0 0
A12 A22 A26 B12 B22 B26 0 0
A16 A26 A66 B16 B26 B66 0 0
B11 B12 B16 D11 D12 D16 0 0
B12 B22 B26 D12 D22 D26 0 0
B16 B26 B66 D16 D26 D66 0 0
0 0 0 0 0 0 As

44 As
45

0 0 0 0 0 0 As
45 As

55

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(12)

where A, B, D, As are the matrices of the plate stiffness, which can be calculated by

(A, B, D) =
N

∑
k=1

∫ hk

hk−1

(Q̄)k

(
1, z, z2

)
dz, As = Ks

N

∑
k=1

∫ hk

hk−1

(Q̄)kdz (13)

where the transverse shear correction coefficient Ks can be calculated by

Ks =

⎧⎪⎪⎨
⎪⎪⎩

5
6

, isotropic material

5
6 − ν1V1 − ν2V2

, f unctionally graded material
(14)

where ν and V are the Poisson’s ratios and volume fraction of each material in the entire
cross-section. The kinetic energy of the sandwich plate T can be obtained by
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T =
1
2

∫
Ω

∫ h/2

−h/2
ρ(z)

(
˙̄u2 + ˙̄v2 + ˙̄w2

)
dz dΩ (15)

The external virtual work δW can be obtained by

δW = Fc(t)δμ (16)

where Fc(t) is the contact force between the plate and the impactor, and μ is the deflection
of the sandwich plate. Then, the total energy function based on Hamilton’s principle can
be expressed as ∫ t

0

(
δU p − δT − δW

)
dt = 0 (17)

The boundary conditions for the clamped of the plate edge can be expressed as

u = 0, v = 0, w = 0, φx = 0, φy = 0 (18)

3.2. Low-Velocity Impact Response

Based on the nonlinear Hertz contact law, the contact force Fc(t) between the sandwich
plate and a steel ball can be obtained by [83]

Fc(t) =

⎧⎪⎪⎨
⎪⎪⎩

Kcμ
3
2 (t) loading

Fcm

(
μ

μm

) 5
2

unloading
(19)

where μ = wi − wp is the deflection of the sandwich plate, and wi, wp refers to the displace-
ment of the impactor and plate center, respectively. The subscript m refers to the maximum
value of the variables. Kc is the contact coefficient, which can be expressed as [83],

Kc =
4
3

(
1 − ν2

i
Ei

+
1

E2

)−1√
ri (20)

where Ei, νi, ri are the elasticity modulus, Poisson’s ratios and the radius of the impactor,
respectively. E2 is the transverse elasticity modulus of the sandwich plate. The displacement
of the impactor wi can be calculated by

wi = vit − 1
mi

∫ t

0
Fc(τ)(t − τ)dτ (21)

where vi and mi are the velocity and mass of the impactor, respectively. Then, the
Equation (19) can be obtained by

(
Fc(t)
Kc

)2/3
= vit − 1

mi

∫ t

0
Fc(t − τ)dτ − wp (22)

3.3. Solution Procedure

The Ritz method is considered to deduce the governing equations of motion from the
total energy function in the spatial domain, and the functions of the displacement field can
be expressed as
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u =
N

∑
n=1

pu
n(x, y)Un(t)

v =
N

∑
n=1

pv
n(x, y)Vn(t)

w =
N

∑
n=1

pw
n (x, y)Wn(t)

φx =
N

∑
n=1

pφx
n (x, y)Φxn(t)

φy =
N

∑
n=1

p
φy
n (x, y)Φyn(t)

(23)

where pn(x, y) are the shape functions. n = 1, 2, · · · , N and N is the number of terms in the
basis. Un(t), Vn(t), Wn(t), Φxn(t), Φyn(t) are the unknown coefficients chosen according
to the boundary conditions. The shape functions of the polynomial are considered in this
research [84,85].

The equations of motion of the sandwich plate and impactor can be obtained by

Mq̈ + Kq = F

miẅi + Fc = 0
(24)

where q, M, K, F are the degrees of the freedom vector, mass matrix, stiffness matrix and
impact load vector, respectively. Furthermore, the components of the mass matrix and
the stiffness matrix are presented in Appendix B. The dot over the variable refers to the
differentiation of that variable with respect to time. The Newmark’s time integration
schemes is considered to solve the time-dependent equations after assembling the process
and implementing boundary conditions. By using Taylor series expansions, the qt+Δt,
q̇t+Δt and q̈t+Δt can be transformed into

qt+Δt = q(t) + Δtq̇t +
1
2

Δt2q̈t − 1
2

β2Δt2q̈t +
1
2

β2Δt2q̈t+Δt

q̇t+Δt = q̇t + Δtq̈t − β1Δtq̈t + β1Δtq̈t+Δt

q̈t+Δt =
2

β2Δt2 (qt+Δt − qt)− 2
β2Δt2 q̇t − 1

β2
q̈t + q̈t

(25)

Substituting Equation (25) into Equation (24):(
2

β2Δt2 M + K

)
qt+Δt = Ft+Δt + M

(
2

β2Δt2 qt +
2

β2Δt
q̇t,+

(
1
β2

− 1
)

q̈t

)
(26)

where the Newmark’s parameters β1 = 0.5 and β2 = 0.5 are considered in this research
according to the Newmark β-method.

4. Results and Discussion

4.1. Validation Studies

To validate the calculation method, the relative examples of Refs. [38,86] are considered
by contrast. The parameters of the plate are set to 1 m in length, 1 m in width and 0.01 m in
thickness. The gradient form is UD while the Vc is 0.28. The parameters of the impactor are
set as a mass of 0.5 kg and a radius of 0.25 m. The working conditions are a temperature of
300 K and an initial impact velocity of 3 m/s. The displacement–time curve comparative
result is shown in Figure 5. It can be inferred that the results are in good agreement. The
maximum displacement and contact time error could be accepted for analysis.
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Figure 5. Comparison of the plate center displacement with the results obtained from the Ref. [38,86]
and FEM method.

In order to validate the equivalent layer model for the relative soft honeycomb core, a
full-scale finite element simulation with an auxetic honeycomb core model was performed
in contrast using the ABAQUS software, as shown in Figure 6. The sandwich structure
with 0.5 mm thickness Ti-6Al-4V face sheets and auxetic honeycomb core was considered.
The parameters of honeycomb core were set as: thickness hc = 23 mm; length of inclined
cell rib lh = 5 mm; length of the vertical cell rib hh = 10 mm; and inclined angle θh = −40o.
The second-order accuracy S4R elements were used to mesh the structure. Moreover, the
meshes of face sheets are designed to share nodes with cores along the two interfaces,
indicating the perfectly adhered to assumption. The impactor was set as an analytically
rigid body ball with radius 10 mm. Furthermore, the mass was calculated according to
the density 7.8 g/cm3. The general contact method with frictionless property was used
to define the contact behavior. The initial impact velocity was 3 m/s, using predefined
fields. All six degrees of freedoms of the boundary nodes were constrained to simulate
clamped boundary conditions. The displacement–time curve comparative result is shown
in Figure 7. It can be inferred that the results are in good agreement and the equivalent
layer model could be used for the present research.

Figure 6. Low-velocity impact simulation in ABAQUS software.
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Figure 7. Comparison of the plate center displacement with the results obtained from FEM and
present method.

To be sure, the modeling method based on continuum mechanics theory in this paper
was verified. The molecular dynamic theories or nano-scale continuum modeling is a
more accurate simulation method for nanomaterials such as SCNT. However, this research
focuses on the qualitative study of each parameter on the structural impact response,
and the continuum mechanics theory can be used to show the trend of response after
verification.

4.2. Parameter Studies

After verifying the model and computing method of this research, we focus on the
(20/−20/20)s, (45/−45/45)s and (70/−70/70)s stacking sequences of the FG-CNTRC
surface, the function gradient, volume fraction of CNTs, impact velocity, temperature,
length/width ratio and FG-CNTRC surface thickness effects on the low-velocity impact
response of the sandwich plate with FG-CNTRC face sheets and NPR auxetic honeycomb
core are analyzed. The plate center displacement wp, recovery time of deformation tr,
contact force Fc and contact time tc are considered in detail. The initial parameters of the
sandwich plate structure and boundary conditions are set as:

• Sandwich plate—length/width ratio a/b = 1, total thickness h = 25.4 mm;
• FG-CNTRC surface—thickness hs = 1.2 mm, gradient form FG-V;
• Honeycomb core—thickness hc = 23 mm, length of inclined cell rib lh = 5 mm, length

of the vertical cell rib hh = 10 mm, inclined angle θh = −40◦;
• Calculate conditions—temperature T = 300 K, impact velocity vi = 2 m/s, boundary

conditions clamped.

4.2.1. Gradient Forms of FG-CNTRC Surfaces

The low-velocity impact of gradient forms FG-V, FG-A, FG-X, FG-O and UD are consid-
ered. The plate center displacement of the three stacking sequences are shown in Figure 8.
The (20/−20/20)s ply has the largest plate center displacement wp, reaches the maximum
value first and has the shortest recovery time of deformation tr. The (45/−45/45)s ply has
the smallest plate center displacement wp. The (70/−70/70)s ply has the longest recovery
time of deformation tr. The value of the plate center displacement wp, recovery time of
deformation tr, contact force Fc and contact time tc are shown in Table 5 in detail. The UD
form of (20/−20/20)s ply and (70/−70/70)s ply has the largest wp, smallest Fc and longest tr.
The FG-O form of (20/−20/20)s ply has the smallest wp, largest Fc and shortest tr. While the
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FG-X form of (70/−70/70)s ply has the smallest wp, largest Fc and shortest tr. The response
of the (45/−45/45)s ply is more complicated. The UD form has the largest wp and longest tr.
The FG-X form has the largest Fc and shortest tr. The FG-O form has the smallest wp. The
FG-V form has the smallest Fc. The contact time tc of each gradient forms are nearly the same.

Table 5. Low-velocity impact response of the sandwich structure with various gradient forms.

Type Gradient Forms wp (mm) Fc (N) tr (ms) tc (ms)

(20/−20/20)s

FG-A 2.522 1155.943 4.970 5.250
FG-O 2.518 1156.313 4.966 5.250
UD 2.534 1149.806 4.982 5.250

FG-V 2.522 1154.605 4.972 5.250
FG-X 2.521 1155.906 4.969 5.250

(45/−45/45)s

FG-A 2.436 1164.017 5.304 5.650
FG-O 2.433 1164.171 5.303 5.650
UD 2.444 1163.188 5.311 5.650

FG-V 2.439 1162.674 5.306 5.650
FG-X 2.434 1164.324 5.300 5.650

(70/−70/70)s

FG-A 2.491 1106.108 5.876 5.750
FG-O 2.490 1106.045 5.875 5.750
UD 2.498 1104.619 5.888 5.750

FG-V 2.494 1105.591 5.879 5.750
FG-X 2.488 1107.330 5.874 5.750

It is observed that the (45/−45/45)s ply with nearly zero Poisson’s ratio has the smallest
wp, and the (70/−70/70)s ply with the native ve

23 has the smallest Fc. Within three stacking se-
quences and five gradient forms, (45/−45/45)s ply with FG-O type has the smallest wp, while
(70/−70/70)s ply with UD type has the smallest Fc. The percentage decrease is approximately
5% by changing the stacking sequence and gradient form of the surface sheets.
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Figure 8. Plate center displacement response of a sandwich structure with various gradient forms:
(a) FG-O, UD and FG-V face sheets plate; (b) (20/−20/20)s plate; (c) (70/−70/70)s plate; and
(d) (45/−45/45)s plate.
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4.2.2. Volume Fractions of CNTs

The 0.11, 0.14 and 0.17 volume fractions of CNTs are considered. The surface layer of
this part of the research is set as uniform distribution. The plate center displacement are
shown in Figure 9. The (20/−20/20)s ply has the largest plate center displacement wp and
shortest recovery time of deformation tr. The (45/−45/45)s ply has the smallest plate center
displacement wp and the (70/−70/70)s ply has the longest recovery time of deformation
tr. According to Table 6, the response of three stacking sequences is similar. With the
volume fractions of CNTs increasing, the plate center displacement wp, recovery time of
deformation tr and contact time tc decreases, while the contact force Fc increases. It can be
inferred that the contact stiffness increases with the volume fractions of CNTs increasing.

It is observed that increasing the stiffness of the sandwich structure by increasing
the volume fraction of CNTs can lead to a reduction in the wp and an increase of the Fc.
Furthermore, this phenomenon is more sensitive to (20/−20/20)s ply with a reduction in
wp by approximately 6.4%.
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Figure 9. Plate center displacement response of the sandwich structure with various volume fractions
of CNTs: (a) FG-O, UD and FG-V face sheets plate; (b) (20/−20/20)s plate; (c) (70/−70/70)s plate;
(d) (45/−45/45)s plate.
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Table 6. Low-velocity impact response of a sandwich structure with various volume fraction of CNTs.

Type Volume Fraction wp (mm) Fc (N) tr (ms) tc (ms)

0.11 2.602 1120.218 5.202 5.500
(20/−20/20)s 0.14 2.534 1149.936 4.978 5.250

0.17 2.436 1196.062 4.762 5.000

0.11 2.503 1134.566 5.478 5.800
(45/−45/45)s 0.14 2.444 1163.188 5.311 5.650

0.17 2.365 1194.500 5.139 5.450

0.11 2.436 1092.485 5.969 5.850
(70/−70/70)s 0.14 2.498 1104.619 5.880 5.750

0.17 2.433 1121.323 5.783 5.600

4.2.3. Impact Velocity

The impact velocity plays an important role in the impact response. Considering
1 m/s, 2 m/s and 3 m/s impact velocity, the plate center displacements of three stacking
sequences are shown in Figure 10. The (20/−20/20)s ply has the largest plate center
displacement wp and has the shortest recovery time of deformation tr. The (45/−45/45)s
ply has the smallest plate center displacement wp. The (70/−70/70)s ply has the longest
recovery time of deformation tr. According to Table 7, with the increased impact velocity,
the plate center displacement wp and the contact force Fc increased, while the recovery time
of deformation tr and contact time tc decreased.

It is observed that the three stacking sequences have a slight impact on the variable
ratio of wp and Fc. Increasing the impact velocity from 1 m/s to 3 m/s can lead to an
increase in the wp and Fc by approximately 62.5% and 68%, respectively.
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Figure 10. Plate center displacement response of the sandwich structure with various impact veloci-
ties: (a) FG-O, UD and FG-V face sheets plate; (b) (20/−20/20)s plate; (c) (70/−70/70)s plate; and
(d) (45/−45/45)s plate.
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Table 7. Low-velocity impact response of the sandwich structure with various impact velocities.

Type Impact Velocity (m/s) wp (mm) Fc (N) tr (ms) tc (ms)

1 1.372 563.495 5.223 5.500
(20/−20/20)s 2 2.522 1154.605 4.972 5.250

3 3.654 1784.333 4.881 5.150

1 1.329 575.804 5.558 5.850
(45/−45/45)s 2 2.439 1162.674 5.306 5.650

3 3.532 1777.370 5.201 5.350

1 1.357 551.596 6.074 7.300
(70/−70/70)s 2 2.494 1105.591 5.879 5.750

3 3.616 1706.855 5.848 7.200

4.2.4. Temperature

The low-velocity impact response of FG-CNTRC plates under various temperatures is
the hotspot of its application under extreme conditions. The temperatures of 300 K, 400 K
and 500 K are considered, as shown in Figure 11. Similarly to the result of various impact
velocities, the (20/−20/20)s ply has the largest plate center displacement wp and has the
shortest recovery time of deformation tr. The (45/−45/45)s ply has the smallest plate center
displacement wp. The (70/−70/70)s ply has the longest recovery time of deformation tr. Ac-
cording to Table 8, with the increased temperature, the plate center displacement wp, recovery
time of deformation tr and contact time tc increased, while the contact force Fc decreased.

It is observed that the stiffness of the sandwich structure will reduce by increasing the
temperature. From 300 K to 500 K, the wp will increase by approximately 8.4%.

a b

c d

0.000 0.001 0.002 0.003 0.004 0.005 0.006
0.0

0.5

1.0

1.5

2.0

2.5
(20°,－20°,20°)s
(70°,－70°,70°)s
(45°,－45°,45°)s

D
is

pl
ac

em
en

t (
m

m
)

Time (s)

 T=300K
 T=400K
 T=500K

0.000 0.001 0.002 0.003 0.004 0.005 0.006
0.0

0.5

1.0

1.5

2.0

2.5
(20°,－20°,20°)s

D
is

pl
ac

em
en

t (
m

m
)

Time (s)

 T=300K
 T=400K
 T=500K

0.000 0.001 0.002 0.003 0.004 0.005 0.006
0.0

0.5

1.0

1.5

2.0

2.5
 T=300K
 T=400K
 T=500K

(70°,－70°,70°)s

D
is

pl
ac

em
en

t (
m

m
)

Time (s)
0.000 0.001 0.002 0.003 0.004 0.005 0.006

0.0

0.5

1.0

1.5

2.0

2.5
 T=300K
 T=400K
 T=500K

(45°,－45°,45°)s

D
is

pl
ac

em
en

t (
m

m
)

Time (s)

Figure 11. Plate center displacement response of the sandwich structure with various temperatures:
(a) FG-O, UD and FG-V face sheets plate; (b) (20/−20/20)s plate; (c) (70/−70/70)s plate; and
(d) (45/−45/45)s plate.
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Table 8. Low-velocity impact response of the sandwich structure with various temperatures.

Type Temperature (K) wp (mm) Fc (N) tr (ms) tc (ms)

300 2.522 1154.605 4.972 5.250
(20/−20/20)s 400 2.659 1092.760 5.193 5.550

500 2.753 1119.235 5.332 5.560

300 2.439 1162.674 5.306 5.650
(45/−45/45)s 400 2.571 1104.613 5.570 5.950

500 2.659 1098.925 5.714 6.100

300 2.494 1105.591 5.879 5.750
(70/−70/70)s 400 2.635 1044.606 6.221 6.050

500 2.723 1011.190 6.405 6.250

4.2.5. Ratio of Plate Length and Width

The length/width ratio a/b = 0.5, 1.0 and 2.0 are considered, as shown in Figure 12.
The coupling between stacking sequence and a/b makes the low-velocity impact response
complicated. The a/b = 2.0 has the largest plate center displacement wp, while a/b = 0.5 is
the smallest of all three stacking sequences. The responses are shown in Table 9 in detail.
When a/b = 0.5, the (70/−70/70)s ply has the largest wp and smallest Fc, the (45/−45/45)s
ply has the smallest wp and largest Fc. When a/b = 2.0, whilst the (45/−45/45)s ply has
the largest wp and smallest Fc, the (20/−20/20)s ply has the smallest wp and largest Fc.
However, the tr decreases at first and then increases with the increase in a/b. The tc increases
with the increase in a/b. The results inferred that the ratio of plate length and width has a
large influence on the low-velocity impact, which causes the nonlinear change phenomenon.

It is observed that the geometry scale has more influence on the impact response, due
to the anisotropic honeycomb core. Using the honeycomb section as the long side of the
structure can reduce the Fc.
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Figure 12. Plate center displacement response of the sandwich structure with various a/b: (a) FG-O, UD,
and FG-V face sheets plate; (b) (20/−20/20)s plate; (c) (70/−70/70)s plate; and (d) (45/−45/45)s plate.
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4.2.6. Thickness of Surface Layer

The thickness of the FG-CNTRC surface layer hs = 0.6 mm, 1.2 mm and 2.4 mm are
considered, and the low-velocity impact response is shown in Figure 13. When hs = 1.2 mm
and 2.4 mm, the stacking sequence has a large influence on the plate displacement wp.
According to Table 10, when hs = 0.6 mm, the (20/−20/20)s ply has the smallest wp, largest
Fc and shortest tr and tc. The (45/−45/45)s ply has the largest wp, longest tr and tc. The
(70/−70/70)s ply has the smallest Fc. When hs = 2.4 mm, the (20/−20/20)s ply has the
smallest wp, largest Fc and shortest tr and tc. The (45/−45/45)s ply has the largest wp,
smallest Fc and longest tr and tc.

Table 9. Low-velocity impact response of a sandwich structure with various a/b.

Type a/b wp (mm) Fc (N) tr (ms) tc (ms)

0.5 2.342 1147.677 9.380 3.900
(20/−20/20)s 1.0 2.522 1154.605 4.972 5.250

2.0 2.624 1044.604 5.498 5.600

0.5 2.275 1165.578 8.125 4.350
(45/−45/45)s 1.0 2.439 1162.674 5.306 5.650

2.0 2.813 955.473 6.454 6.550

0.5 2.354 1111.640 8.070 4.750
(70/−70/70)s 1.0 2.494 1105.591 5.879 5.750

2.0 2.791 965.506 6.417 6.500

It is observed that increasing hs can lead to a reduction in the wp and an increase in
the Fc by increasing the stiffness of the structure.
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Figure 13. Plate center displacement response of the sandwich structure with various hs: (a) FG-O, UD
and FG-V face sheets plate; (b) (20/−20/20)s plate; (c) (70/−70/70)s plate; and (d) (45/−45/45)s plate.
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Table 10. Low-velocity impact response of the sandwich structure with various hs.

Type h (mm) wp (mm) Fc (N) tr (ms) tc (ms)

0.6 2.903 946.210 6.072 6.250
(20/−20/20)s 1.2 2.522 1154.605 4.970 5.250

2.4 2.287 1746.733 4.746 4.850

0.6 3.027 904.395 6.650 6.900
(45/−45/45)s 1.2 2.439 1162.674 5.302 5.650

2.4 2.494 1209.172 6.149 6.350

0.6 3.013 902.615 6.625 6.850
(70/−70/70)s 1.2 2.494 1105.591 5.877 5.750

2.4 2.476 1469.982 6.102 6.300

5. Conclusions

In this research, a numerical method on the low-velocity impact response of the
sandwich plate with an FG-CNTRC surface and NPR honeycomb core was proposed
and verified. Three kinds of stacking sequences of FG-CNTRC, namely (20/−20/20)s,
(45/−45/45)s and (70/−70/70)s, were considered. The effects of gradient forms of FG-
CNTRC surfaces, volume fractions of CNTs, impact velocities, temperatures, the ratio of
the plate length and the width and thickness of surface layers on the low-velocity impact
response were analyzed. The results of the plate center displacement wp, recovery time of
deformation tr, contact force Fc and contact time tc show that:

• Gradient forms of FG-CNTRC surfaces:
(20/−20/20)s ply—the UD form has the largest wp, smallest Fc and longest tr; and the
FG-O form has the smallest wp, largest Fc and shortest tr;
(45/−45/45)s ply—the UD form has the largest wp and longest tr; the FG-X form has
the largest Fc and shortest tr; the FG-O form has the smallest wp; and the FG-V form
has the smallest Fc;
(70/−70/70)s ply—the UD form has the largest wp, smallest Fc and longest tr; the
FG-X form has the smallest wp, largest Fc and shortest tr.
Within three stacking sequences and five gradient forms, the (45/−45/45)s ply with
FG-O type has the smallest wp, while the (70/−70/70)s ply with the UD type has the
smallest Fc. The percentage decrease is approximately 5% by changing the stacking
sequence and gradient form of the surface sheets.

• Volume fractions of CNTs:
The (20/−20/20)s ply has the largest wp and shortest tr. The (45/−45/45)s ply has
the smallest wp and the (70/−70/70)s ply has the longest tr;
The plate center displacement wp, recovery time of deformation tr and contact time tc
decreased, while the contact force Fc increased with the increased volume fractions
of CNTs.
Increasing the volume fraction of CNTs from 0.11 to 0.17 can lead to a reduction in
the wp and an increase in the Fc. Furthermore, this phenomenon is more sensitive to
(20/−20/20)s ply with a reduction in wp by approximately 6.4%.

• Impact velocities:
The (20/−20/20)s ply has the largest wp and has the shortest tr. The (45/−45/45)s
ply has the smallest wp. The (70/−70/70)s ply has the longest tr.
The plate center displacement wp and contact force Fc increased, while the recovery
time of deformation tr and contact time tc decreased as the impact velocity increased.
The three stacking sequences have a slight impact on the variable ratio of wp and Fc.
Increasing the impact velocity from 1 m/s to 3 m/s can lead to an increase in the wp
and Fc of approximately 62.5% and 68%, respectively.

• Temperatures:
The (20/−20/20)s ply has the largest wp and the shortest tr. The (45/−45/45)s ply
has the smallest wp. The (70/−70/70)s ply has the longest tr.
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The plate center displacement wp, recovery time of deformation tr and contact time tc
increased, while the contact force Fc decreased as the temperature increased.
The stiffness of the structure will reduce by increasing the temperature. From 300 K to
500 K, the wp will increase by approximately 8.4%.

• Ratio of plate length and width:
(20/−20/20)s ply: a/b = 2.0 has the smallest wp and largest Fc.
(45/−45/45)s ply: a/b = 0.5 has the smallest wp and largest Fc; a/b = 2.0 has the largest
wp and smallest Fc.
(70/−70/70)s ply: a/b = 0.5 has the largest wp and smallest Fc.
The tr decreased at first and then increased as a/b increased.
The tc increased as a/b increased.
Due to the anisotropic honeycomb core, the geometry scale has more influence on the
impact response. Using the honeycomb section as the long side of the structure can
reduce the Fc.

• Thickness of surface layers:
(20/−20/20)s ply: hs = 0.6 mm has the smallest wp, largest Fc and shortest tr and tc; hs
= 2.4 mm has the smallest wp, largest Fc and shortest tr and tc.
(45/−45/45)s ply: hs = 0.6 mm has the largest wp, longest tr and tc; hs = 2.4 mm has
the largest wp, smallest Fc and longest tr and tc.
(70/−70/70)s ply: hs = 0.6 mm has the smallest Fc.
Increasing hs can lead to a reduction in the wp and an increase in the Fc by increasing
the stiffness of the structure.
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Appendix A

A13 =

∣∣∣∣∣∣∣∣∣∣

A21 A22 0 0 A26
A31 A32 0 0 A36
0 0 A44 A45 0
0 0 A45 A55 0

A61 A62 0 0 A66

∣∣∣∣∣∣∣∣∣∣
, A23 =

∣∣∣∣∣∣∣∣∣∣

A11 A12 0 0 A16
A31 A32 0 0 A36
0 0 A44 A45 0
0 0 A45 A55 0

A61 A62 0 0 A66

∣∣∣∣∣∣∣∣∣∣
,

A5−1 =

∣∣∣∣∣∣∣∣∣∣

A22 A23 0 0 A26
A32 A33 0 0 A36
0 0 A44 A45 0
0 0 A45 A55 0

A62 A63 0 0 A66

∣∣∣∣∣∣∣∣∣∣
, A5−2 =

∣∣∣∣∣∣∣∣∣∣

A11 A13 0 0 A16
A31 A33 0 0 A36
0 0 A44 A45 0
0 0 A45 A55 0

A61 A63 0 0 A66

∣∣∣∣∣∣∣∣∣∣
,
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B5−1 =

∣∣∣∣∣∣∣∣∣∣∣∣

B12 B13 0 0 B16
B22 B23 0 0 B26
B32 B33 0 0 B36
0 0 B44 B45 0
0 0 B45 B55 0

B62 B63 0 0 B66

∣∣∣∣∣∣∣∣∣∣∣∣
, B5−2 =

∣∣∣∣∣∣∣∣∣∣∣∣

B11 B13 0 0 B16
B21 B23 0 0 B26
B31 B33 0 0 B36
0 0 B44 B45 0
0 0 B45 B55 0

B61 B63 0 0 B66

∣∣∣∣∣∣∣∣∣∣∣∣
,

B5−3 =

∣∣∣∣∣∣∣∣∣∣∣∣

B11 B12 0 0 B16
B21 B22 0 0 B26
B31 B32 0 0 B36
0 0 B44 B45 0
0 0 B45 B55 0

B61 B62 0 0 B66

∣∣∣∣∣∣∣∣∣∣∣∣
, B6−1 =

∣∣∣∣∣∣∣∣∣∣

B21 B22 B23 0 0 B26
B31 B32 B33 0 0 B36
0 0 0 B44 B45 0
0 0 0 B45 B55 0

B61 B62 B63 0 0 B66

∣∣∣∣∣∣∣∣∣∣
,

B6−2 =

∣∣∣∣∣∣∣∣∣∣

B11 B12 B13 0 0 B16
B31 B32 B33 0 0 B36
0 0 0 B44 B45 0
0 0 0 B45 B55 0

B61 B62 B63 0 0 B66

∣∣∣∣∣∣∣∣∣∣
, D =

∣∣∣∣∣∣∣∣∣∣∣∣

D11 D12 D13 0 0 D16
D21 D22 D23 0 0 D26
D31 D32 D33 0 0 D36

0 0 0 D44 D45 0
0 0 0 D45 D55 0

D61 D62 D63 0 0 D66

∣∣∣∣∣∣∣∣∣∣∣∣
.

Appendix B

M =
∫

Ω

(
PT

n mP−1
n

)
dΩ, K =

∫
Ω

⎧⎪⎨
⎪⎩
⎧⎨
⎩

BT
m

BT
b

BT
s

⎫⎬
⎭

T

S

⎧⎨
⎩

Bm
Bb
Bs

⎫⎬
⎭
⎫⎪⎬
⎪⎭dΩ

where

Pn =

⎡
⎢⎢⎢⎢⎣

pn 0 0 0 0
0 pn 0 0 0
0 0 pn 0 0
0 0 0 pn 0
0 0 0 0 pn

⎤
⎥⎥⎥⎥⎦, m =

⎡
⎢⎢⎢⎢⎣

I0 0 0 I1 0
0 I0 0 0 I1
0 0 I0 0 0
I1 0 0 I2 0
0 I1 0 0 I2

⎤
⎥⎥⎥⎥⎦,

(I0, I1, I2) =
∫ h/2

−h/2
ρ
(

1, z, z2
)

dz

Bm =

⎡
⎢⎢⎣

∂pn
∂x 0 0 0 0
0 ∂pn

∂y 0 0 0
∂pn
∂y

∂pn
∂x 0 0 0

⎤
⎥⎥⎦, Bb =

⎡
⎢⎢⎣

0 0 0 ∂pn
∂x 0

0 0 0 0 ∂pn
∂y

0 0 0 ∂pn
∂y

∂pn
∂x

⎤
⎥⎥⎦, Bs =

[
0 0 ∂pn

∂y 0 pn

0 0 ∂pn
∂x pn 0

]
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