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Preface

Nanofillers are defined as nanomaterials such as graphene or carbon nanotubes that consist of

at least one dimension less than 100 nanometers. These nanofillers are superior to traditional fillers

such as carbon black in reinforcing polymer matrices. The combinations of such nanofillers with

polymer matrixes are termed “nanocomposites”. These nanocomposites are the subject of intensive

research due to their outstanding impact on exhibiting robust mechanical, electrical, thermal, or

barrier properties. These nanofillers are not only useful for impacting properties in their pristine

form but also improve their properties when functionalized. The functionalization process improves

the properties by improving interfacial interactions that provide efficient stress transfer within the

nanocomposites. With the combined effect of different nanofillers in nanocomposites, they became

potentially multi-functional for various applications due to their advanced overall properties. These

applications involve their use in automobiles, wearable electronics, flexible and stretchable batteries,

energy harvesting, and biomedical applications.

Keeping these objectives in mind, this reprint will provide fundamental information on various

aspects of such nanocomposites. The reprint covers all aspects, starting with the type of materials

used in fabricating these nanocomposites, fabrication methods, respective mechanical, electrical,

or thermal properties, and their multifunctional nature with advanced academic and industrial

usefulness. Moreover, the advantages and challenges, along with prospects, are comprehensively

reported on these nanocomposites. Finally, the editors would like to thank the reviewers and authors

whose efforts contributed to the success of this project.

Vineet Kumar and Xiaowu Tang

Editors
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1. Introduction

Nanofiller-based polymer composites are a hot-topic research area with significant
industrial potential. These polymer composites are reinforced with different classes of
filler with at least one dimension and a grain size below 100 nm. These nanoscale fillers
are carbon-based, such as carbon nanotubes, graphene, and nano-carbon black [1]. Other
nanofiller types include silica and clay minerals. Among these nanofillers, carbon nanotubes
and graphene in particular have been extensively explored for their potential to improve
mechanical, electrical, and thermal properties. Moreover, clay minerals have been studied
for their ability to improve reinforcing properties or barrier properties. Besides nanofillers,
polymer matrices are effective for obtaining robust composites [2]. These polymers can
be thermoplastic, thermosets, or elastomers. Among them, elastomers such as silicone
rubber, natural rubber, and butadiene rubber are frequently used. These elastomers have a
versatile role in making stretchable devices, such as wearable electronics. Such composites
have the potential to revolutionize industries such as aerospace, automotive, electronics,
and healthcare. Key aspects covered by this Special Issue include the following:

(1) Nanofillers: Nanofillers are the organic or inorganic additives used in polymer ma-
trices to improve their mechanical, electrical, or thermal properties. These additives
confer on the final composite robust properties and make them useful for industrial
applications as energy harvesters, strain sensors, etc. [3]. Moreover, the morphological
features of nanofiller additives are a matter of interest. For example, carbon nanotubes
with one-dimensional morphology and a high aspect ratio are helpful for improving
electrical conductivity. Furthermore, two-dimensional graphene with a sheet-like mor-
phology is useful for improving barrier properties. Thus, researchers have different
options for nanofillers to fulfill the target property of interest.

(2) Polymer matrix: Polymer matrices are composed of macromolecules of different
types, such as thermoplastics, thermosets, and elastomers. Among them, elastomers
are most promising because of their unique properties, such as their ability to stretch
under mechanical deformation and bounce into the original shape once the strain
is removed [4]. The properties of a polymer matrix strictly depend on the type of
polymer matrix used during composite preparation.

(3) Polymer composites: Polymer composites are materials that are based on a combina-
tion of nanofillers with a polymer matrix. The properties of these polymer composites
are strictly based on the type of polymer matrix and nanofiller additives used during
fabrication [5]. Moreover, the fabrication procedure used affects the final properties of
these composites. The fabrication method could be melting mixing, solution mixing,
or in situ polymerization. Among polymer composites, the composites based on
elastomers as a polymer matrix are the most promising. This is due to their usefulness
in a wide range of applications, such as energy harvesting and automobile tires.
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(4) Concept of new horizons in polymer composites: Here, “new horizons” refers to the
innovative and novel ideas explored by researchers working in the polymer composite
field around the world. These novel ideas include the application of cutting-edge
findings to obtain new and improved properties, making composites more robust
for engineering applications [6]. These developments may include the emergence
of a new class of materials, a new type of polymer matrix, or a new manufacturing
technique.

(5) Industrial applications: Improving polymer composite properties through the selec-
tion of new-generation additive materials in a polymer matrix is a hot topic of research.
Their use for the development of particular applications is an interesting subject, e.g.,
tuning stiffness for high-load applications such as tires or soft applications such as
tissue engineering [7]. The properties of these polymer composites can be tuned with
respect to a specific application. Thus, the subject of this Special Issue is a matter of
interest for the readership of the Polymers journal.

(6) Advantages of nanofillers used in polymer composites: There are various advan-
tages of using nanofillers in polymer composites, such as (a) enhanced properties
of the filler additives at the nanoscale, providing uniform dispersion in the polymer
matrices; (b) the nano-effect of these additives provides high reinforcement, higher
tensile strength, and higher elongation at break compared to traditional fillers like
carbon black; (c) nanofillers are typically lightweight and therefore useful for vari-
ous smart applications, such as wearable electronics; (d) nanofillers exhibit higher
electrical and thermal conductivity due to uniform dispersion and thus are useful
for higher engineering applications; (e) the high surface area of these nanofillers
provides a higher interfacial area for polymer chains to interact with filler additives
and leads to improved properties; and (f) nanofillers can mitigate the shrinkage of
polymer composites during the fabrication of polymer composites, thereby leading to
improved dimensional stability of the final products [8]. Overall, the careful selection
and optimization of the nanofiller additives is necessary to obtain properties and
applications of interest.

(7) Challenges in polymer composites: There are various advantages of using nanofiller
additives in polymer matrices for polymer composites. However, there are a few
challenges with respect to properties and final engineering applications. For exam-
ple, monolayer graphene is a great additive as a nanofiller in polymer composites,
but synthesizing it at a large scale is difficult and very expensive. Moreover, in
energy-harvesting tests, the mechanical stability of electrodes and substrates based on
polymer composites is challenging, and limited mechanical stability influences the
long-term durability of the final device [8].

(8) Environmental impact and sustainability: With the emergence of new technologies
in polymer composites to achieve high performance, the carbon footprint of the
process and its sustainability are of the utmost importance. The contribution of non-
biodegradable polymers like polyethylene to global warming and pollution needs to
be considered [9]. The use of sustainable and environmentally friendly, biologically
degradable polymers is the focus of researchers globally. Hence, this Special Issue
focuses mostly on environmentally friendly polymer composites.

Keeping all these aspects in mind, the present Special Issue presents a collection of
articles (Communication, Research Articles, Review Articles) on polymer composites rein-
forced with nanofillers and their usefulness for different applications. More specifically,
the key areas addressed include but are not limited to (a) all types of organic or inorganic
nanofillers in the pristine or functionalized state, (b) all types of polymer matrices, (c) all
types of properties, multi-scale modeling with theoretical aspects in polymer composites,
and (d) finally self-healing, aging, and durability of composites. This Special Issue con-
tains 10 articles from researchers across the globe covering the diverse topic of polymer
composites, as summarized below.
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2. Overview of Published Articles

Ortaç et al. [1] present a novel route of obtaining high thermal conductivity and phase
change properties of a polymer nanocomposite. These nanocomposites were filled with
boron nitride and doped with lead oxide nanoparticles to achieve enhanced properties. At
13 wt%, the thermal conductivity (λ) of the nanocomposites was 18.874 W/(mK). Moreover,
the crystallization fraction (FC) with different co-polymers was 0.032, 0.034, and 0.063. The
key takeaway from this study is that the composites present in this study can be used as
energy storage materials due to their versatile nature. Kumar et al. [2] present an interesting
method of reinforcing silicone rubber with a triple-filler hybrid system (carbon nanotubes,
clay minerals, and iron particles) to obtain a robust magneto–mechanical performance.
The compressive modulus was 1.73 MPa (control), 3.9 MPa (MWCNT, 3 phr), 2.2 MPa
(clay mineral, 2 phr), 3.2 MPa (iron particle, 80 phr), and 4.1 MPa (hybrid system, 80 phr).
Moreover, the results show that the triple-filler system emerged as the best candidate due to
its high mechanical stiffness, which is useful for high load applications; optimum fracture
strain; and tensile strength. Finally, the triple-filler system exhibits efficient magnetic
sensitivity and significant output voltage as an energy-harvesting device.

Kistaubayeva et al. [3] investigated the influence of encapsulating a prebiotic with
a biological origin polymer system on probiotic survival. The average size of the hybrid
symbiotic beads was 3401 µm (wet) and 921 µm (dry). Moreover, the bacterial titer was
109 CFU/g. These results show the promising prospect of encapsulating prebiotics for
a delivery system. Kaptan et al. [4] evaluated the surface roughness and flexural and
micro-tensile strength of composites based on glass-ionomer-based composites in vitro.
Among the different samples, the highest roughness achieved was 0.33 ± 0.1 while the
lowest roughness obtained was 0.17 ± 0.04. Similarly, the highest flexural strength obtained
was 86.32 ± 15.37, while the lowest one was 41.75 ± 10.05. Moreover, bonding among
the materials was noticed between self-cured Cention N and other traditional compos-
ites. Zhang et al. [5] conducted a predynamic study on concentrate composites reinforced
with polyvinyl alcohol. At a center deflection of 40 mm, the peak force increased from
3700 (PVA content 0.5 wt%) to 4700 (PVA content 2 wt%). These improvements are ben-
eficial for the use of these composites for high-load-bearing applications. Abdel-Gawad
et al. [6] fabricated composites based on Nylon 6 and clay minerals and reported their
mechanical and structural properties. The results show that the solution mixing method
used was more promising for the dispersion of clay minerals than traditional melt mixing.
Moreover, the crystallinity of the control sample, which was originally 36%, increased to
58% after the addition of clay minerals in the Nylon-6 matrix. These prospects make these
composites useful for high-performance applications.

Cuenca-Bracamonte et al. [7] conducted a study on composites based on a polyether-
imide matrix reinforced with reduced graphene oxide or a hybrid of graphene oxide and
barium titanate. The results show that the electrical conductivity, using 20 wt% filler, was
~10−9 S/cm for the hybrid filler, ~10−7 S/cm for rGO, and ~5 × 10−6 S/cm for rGO and the
hybrid filler combined. Kolev et al. [8] investigated composites based on polycrystalline
Y-type hexaferrate and the influence of the magnetic field on the properties of such com-
posites. The highest microwave reflection, 35.4 dB, was achieved at 5.6 GHz without a
magnetic field. However, under a magnetic field, it was 21.4 dB at 8.2 GHz. Zare et al. [9]
present a power law model and percolation threshold in electrical conductivity for biosens-
ing applications. Their study supports the use of graphene-filled nanocomposites, and
the optimized model shows their use as biosensors. Finally, Kumar et al. [10] present an
interesting study that deals with the fabrication of composites based on silicone rubber
under cyclic and static strain for energy harvesting and magnetic sensitivity. The compos-
ites showed promise in their use for energy generation, with an output voltage around
10 volts and a durability of more than 0.5 million cycles. Similarly, the stretchability of the
energy-harvesting device was 89% (control), with higher values found for GNP (109%),
iron oxide (105%), and the hybrid (133%).
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3. Summary and Future Outlook of Nanofillers in Polymer Composites

In the last three decades since the discovery of carbon nanotubes in 1991, the demand
for nanofillers has increased significantly [10]. Additionally, when comparing them with
traditional fillers like carbon black, using carbon nanotubes as nanofillers results in better
properties at 3-5 phr compared to carbon black at a 60 phr loading. Thus, carbon nanotubes
emerge as a promising additive for polymer composites. The addition of carbon nanotubes
as an additive in a polymer matrix improves all properties except the barrier properties.
Moreover, graphene emerged as a nanofiller due to its tremendous potential to improve the
properties of polymer composites [11]. Moreover, the use of graphene as an additive also
improves the barrier properties, which makes it advantageous over carbon nanotubes [8,10].
Thus, the increasing demand for such nanofillers has a tremendous impact on polymer
matrices, especially as a reinforcing filler. Moreover, the influence of nanofillers is not
only limited to their reinforcing effect; it also makes them suitable for various industrial
applications as strain sensors and energy harvesters [8,12]. Keeping these aspects in mind,
this Special Issue analyzes the potential impacts of using nanofillers for polymer composites
and supports a promising future for materials scientists globally. Overall, the contributions
of researchers to this Special Issue present a good quality of research work covering all
possible topics within the scope of this field. Key aspects to consider in future research
include the following:

(1) Novel and robust nanofillers as additives: As supported by the literature and the
articles covered in this Special Issue, nanofillers show unique properties and multi-
functionality. This aspect allows researchers to tailor the composites with respect to
properties and applications of interest. Thus, nanofillers hold promise for scientists
working in the polymer composite field.

(2) Advanced processing and manufacturing: The continuous efforts of scientists in
improving manufacturing techniques have led to better filler dispersion. Additionally,
other aspects related to the fabrication of polymer composite will continue to evolve.
This will help in optimizing properties and indicates the promising multifunctionality
of such composites.

(3) Medical compatibility: The use of nanofiller-reinforced polymer composites also
indicates a promising future in the nanomedicine field. For example, polymer com-
posites with nanofiller additives with improved biocompatibility and functionality
have promising applications in drug delivery and medical implants.

(4) Eco-friendly and green polymer composites: With the advances in polymer compos-
ite science, the emergence of bio-based nanofillers as additives for polymer composites
holds promise. These so-called green polymers are not only environmentally friendly
materials but also possess high performance and multifunctionality.

(5) Promising technologies and integrated performance: Polymer composites reinforced
by nanofillers could find use in new-generation applications such as self-powered
electronic devices, flexible and stretchable electronic devices, advanced energy storage,
and lightweight, cost-effective additive materials.

Overall, the use of nanofillers as additives represents a subject of interest in the
polymer composite field. With continuous efforts from scientists, this field is expected to
grow further, providing new cutting-edge technologies for multifunctional applications.
Finally, the articles presented in this Special Issue provide insight into new advances and
routes for further research and development in this area.

Acknowledgments: The authors thanks to all the contributors and reviewers for their valuable
contributions and support from section editors of this special issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Thermally conductive phase-change materials (PCMs) were produced using the crosslinked
Poly (Styrene-block-Ethylene Glycol Di Methyl Methacrylate) (PS-PEG DM) copolymer by employing
boron nitride (BN)/lead oxide (PbO) nanoparticles. Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA) methods were used to research the phase transition temperatures,
the phase-change enthalpies (melting enthalpy (∆Hm), and crystallization enthalpies (∆Hc)). The
thermal conductivities (λ) of the PS-PEG/BN/PbO PCM nanocomposites were investigated. The
λ value of PS-PEG/BN/PbO PCM nanocomposite containing BN 13 wt%, PbO 60.90 wt%, and
PS-PEG 26.10 wt% was determined to be 18.874 W/(mK). The crystallization fraction (Fc) values
of PS-PEG (1000), PS-PEG (1500), and PS-PEG (10,000) copolymers were 0.032, 0.034, and 0.063,
respectively. XRD results of the PCM nanocomposites showed that the sharp diffraction peaks at
17.00 and 25.28 ◦C of the PS-PEG copolymer belonged to the PEG part. Since the PS-PEG/PbO and
the PS-PEG/PbO/BN nanocomposites show remarkable thermal conductivity performance, they
can be used as conductive polymer nanocomposites for effective heat dissipation in heat exchangers,
power electronics, electric motors, generators, communication, and lighting equipment. At the same
time, according to our results, PCM nanocomposites can be considered as heat storage materials in
energy storage systems.

Keywords: thermal conductivity; phase-change materials; boron nitride–lead oxide polymer nanocomposite;
polystyrene–polyethyleneglycol block copolymer; nanocomposite

1. Introduction

Water and phase-change materials have been extensively studied in the literature as
potential thermal energy storage media in construction applications. Water-based and
PCM-based glass systems have been found to have much greater temperature-damping
qualities than standard air-based glass systems [1]. By using the right cavity thickness,
the storage system can be tailored for a certain climate zone [2]. Experimental studies
found temperature damping to be promising in water-based systems [3]. Thermal energy
storage (TES) is critical for the conservation of fossil fuels. New technologies, such as solar
energy storage systems, are being introduced and studied in order to lower the energy
demand of buildings [4]. In addition to batteries, Akr et al. investigated mechanical energy
storage, thermal energy storage, magnetic energy storage, fuel cells, and energy storage
technologies. A preliminary study and cost analysis, as well as appropriate building
storage methods, will boost the efficiency of storage technology [5]. TES is a cutting-edge
energy technology that is gaining traction in applications such as air and water heating,
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refrigeration, and air conditioning. TES appears to be the most appropriate mechanism for
correcting imbalances between energy supply and demand [6]. Microencapsulated PCMs
typically have a wall construction, whereas macroencapsulated PCMs can be embedded
in floors and ceilings. Different researchers employ different approaches to studying the
thermo-physical properties of new phase-change materials [7].

Phase-change Materials (PCMs) have a high capacity to store thermal energy. How-
ever, they have low thermal conductivity and poor heat transfer properties [8,9]. There-
fore, heat transfer improvement techniques such as fins [10–12], metal foams [13–15],
nano-additives [16–18] and encapsulation [19] are used to improve the heat transfer ca-
pabilities of PCMs. Khedher et al. investigated the effect of heat transfer on the thermal
behavior of a closed environment filled with a neopentyl glycol/CuO solid–solid PCM
nanocomposite and demonstrated that increasing the heat transfer rate using a fixed amount
of material is an important task to improve fine performance [20]. In general, the addition
of CNT nanoparticles, which have greater conductivity than Al2O3, to PCMs increases the
effective thermal conductivity and surface area for heat conduction [21]. Meng et al. studied
PCMs based on sodium sulfate decahydrate (Na2SO4·10H2O, SSD) as a thermal energy
storage material. Alginate/SSD composite PCMs have been prepared by mixing SSD with
different concentrations of alginate polymer [22]. Microcapsules have the ability to increase
the thermal and mechanical performance of PCMs used in thermal energy storage, as they
increase the heat transfer area and prevent leakage of melted materials [23]. Mohaddes et al.
used a melamine formaldehyde (MF) resin as the shell material to encapsulate n-eicosane
and showed that the latent heats of melting and crystallization of MF-based microcapsules
were 166.6 J/g and 162.4 J/g, respectively [24]. They found that fabrics doped with such
microcapsules exhibited a lower thermal lag efficiency and a higher thermoregulation
capacity. PCMs are recognized as promising candidates for thermal energy storage that
can improve energy efficiency in building systems. Li et al. designed and developed
a new salt hydrate-based PCM composite with high energy storage capacity, relatively
higher thermal conductivity, and excellent thermal cycling stability. The composite’s en-
ergy storage capacity and thermal conductivity are enhanced by the addition of various
graphitic materials along with the Borax nucleator [18]. The use of PCMs provides higher
heat storage capacity and more isothermal behavior during the charging and discharging
state compared with sensible heat storage [25–27]. PCMs are chosen because of their use
in various energy storage areas such as solar panels, waste heat recovery, and other heat
energy storage systems [28]. Because the low thermal conductivity of PEG is undesirable
in energy storage processes, many different studies have been carried out to overcome this
disadvantageous situation [28–30]. These properties are fascinating for thermal interface
materials [31,32]. Because PCMs are functional materials that can store and release large
amounts of latent heat energy within a slight temperature change [33,34], they have been
frequently used in solar energy storage [35], smart textiles [36–39], thermal protection of
electronic devices [40], waste heat recovery [41] and smart housing [42–44].

This study used DSC and TGA to examine the thermal changes in the phase transi-
tions of PS-PEG copolymers and PS-PEG/BN/PbO PCM nanocomposites. The ∆Hm, ∆Hc,
Tm, Tc, and the decomposition temperatures of the PCM nanocomposites were investi-
gated. ∆Hm and ∆Hc enthalpies of the PCM nanocomposites were investigated between
−20–250 ◦C. The addition of PbO nanoparticles and BN nanoparticles to the copolymers
increased the degradation temperature and residual amount of the polymers. For example,
the PS-PEG (1000) polymer, which remained at 30.3 wt% at the 380 ◦C decomposition
temperature, increased the decomposition temperature of the PCM nanocomposite to
402.9 ◦C, and that of the remaining composite amount to 51.820 wt%, as a result of 90%
PbO nanoparticle addition. As a result of interactions between PbO nanoparticles and BN
nanoparticles in PCM nanocomposites, Fc values were calculated to see how the crystalliza-
tion rate changed [45–47]. The value of β in the equation is the mass fraction of the PS-PEG
block copolymer [48]. Sun et al. [49] found that, as the ratio of additive materials in the

7



Polymers 2023, 15, 2326

PEG/CMPs composite increased, the Fc values were greater than the Fc value of PEG and
were in the range of 102–105%.

Thermally conductive composite materials are produced using polymer materials
with good machinability, low cost, and light weight [50–52]. Alizadeh et al. synthesized
graft semi-interpenetrating polymer networks out of polyethylene glycol PEG 8000-based
polyurethane and acrylic copolymers, and these graft-IPN samples can be used for thermal
energy storage due to their high thermal properties [53]. Commercial grade polyethylene
glycol (PEG) with a molecular weight of 6000 was tested by Sharma et al., and reliabil-
ity tests of the PEG 6000 combined with techno-economic analysis have shown that this
PCM can be used as a thermal energy storage system [54]. By creating nanodispersion
polyethylene glycol (PEG)/PMMA/GnPs composites, Zhang et al. investigated the thermal
and electrical properties of FSPCMs as well as their effects on morphology, structure, and
form-stable performance [55]. The sol–gel coating method by Mo et al. obtained ternary
lithium, sodium, and potassium carbonate/silica microcomposites as phase-change materi-
als. It was concluded that microcomposites have an important place in high-temperature
thermal energy storage [56]. Increased thermal conductivity of the PCMs was achieved
by adding expanded graphite carbon nanotubes, graphene nanomaterials, activated car-
bon, carbon fiber, and metallic/oxide nanoparticles. BN is a universally accepted ceramic
filler, especially for thermally conductive composites, due to its thermal conductivity and
electrical insulator properties [57–67]. Qi and coworkers [61] increased the λ value of the
PEG/graphene oxide (GO)/graphene nanoplatelet (GNP) PCM composite to 1.72 W/(mK)
when they filled PEG using GO 2 wt% and GNP 4 wt% filler. Jia et al. added polyethylene
glycol (PEG) to BN@CS scaffolds and showed that this increased the thermal conductivity
value up to 2.77 W/(mK) [68]. While the thermal conductivity of pure PEG was measured
at the level of 0.285 W/(mK), the thermal conductivity value for PEG@MXene was in-
creased up to 2.052 W/(mK), with a 7.2-fold increase determined by Lu et al. [69]. The
thermal conductivity of pure PCM and EHS/BNF composite PCMs containing 4 wt% were
compared by Han et al., and the conductivity value of the EHS/BNF composite was deter-
mined to be 10.37 times higher than that of pure PCMs [26]. The thermal conductivities of
pure PEG, PVA, PPVA, and the composite of GA/PEG as noted by Shen et al. [62] were
0.493, 0.152, 0.112 and 0.687 W/(mK). Polymers are flexible, light, durable, cheap, and
resistant to abrasion and heat energy, and their usage has been increasing in every field
from clothing to buildings and vehicles. In terms of developing the needed properties
in structures, these characteristics highlight the important role of polymers in multidis-
ciplinary scientific research [70–72]. The ability of a material to transfer heat energy is
defined as thermal conductivity. We performed thermal conductivity calculations accord-
ing to Equation (2) [73]. The thermal conductivity and the thermal properties of Portland
Cement-HB (PAE-b-PCL)-PU plaster and HB (PAE-b-PCL)-PU/PbO-BN nanocomposites
have been investigated by Cinan et al. [74]. When HB (PAE-b-PCL)-PU plaster, PbO, and
AsO were added to Portland Cement, we found that they increased the properties of the
cement, based on the thermal conductivity values. The thermal conductivity values of
these PCMs were between 3.22 W/(mK) and 3.90 W/(mK) [72].

We have shown that PS-PEG copolymers doped with BN nanoparticles and PbO
nanoparticles (i.e., PS-PEG PCM nanocomposites) are promising in terms of improving λ

values and energy use efficiency. This article presents the preparation and thermal/physical
characterizations of nano-enhanced PCMs with BN, a PbO nano blend, or single BN and
PbO using crosslinked PS-PEG copolymers that we have previously synthesized and
characterized [75–77]. The particle sizes of block copolymers and PCM nanocomposites
were investigated using SEM and TEM analyses. At the same time, the XRD technique was
used to determine the crystallographic structure of PCM nanocomposites.

Because of PCMs’ low thermal conductivity, their practical usage in latent heat stor-
age units is limited. PS-PEG copolymers, PbO, and BN nanoparticles were utilized in
this study, not only to boost thermal conductivity but also to develop PCMs with op-
timal compositions that can reduce latent heat. This study provides an outline of how
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phase-transition materials can be used in melting and solidification. The melting tem-
peratures of the examined PCM nanocomposites ranged from 55.5 ◦C to 200 ◦C. As a
result, the PCM nanocomposites can be used in high-temperature-operated absorption
applications, cooling, waste energy production, and heat recovery operations. The re-
sults demonstrated strong intermolecular interactions between the PS-PEG copolymer,
the BN, and the PbO nanoparticles and demonstrated that nanoparticle dispersion inside
the PCM had no effect. The chemical structure of the nanoparticles was altered, but their
thermal and chemical stability was improved. PCM nanocomposites were discovered to
be more stable and to perform better thermally than PS-PEG copolymers. PS-PEGs have
low thermal conductivity, which limits heat storage and release rates and limits their appli-
cability. Greater thermal conductivity in PCMs reduces melting and solidification times
and speeds heat transfer throughout these processes. The NCPSPB3 PCM nanocomposite
has Hm, Tm, Hc, and Tc values of 67.6 J g−1, 81.8 ◦C, 5.12 J g−1, and 188.4 ◦C, respec-
tively. The ∆Hm, Tm, ∆Hc and Tc values of PEG/CNF [1], PEG/90CNF + 10rGONP [77],
PEG1000 (45 wt%)/HNT-Ag−1 [1], PEG1000 (45 wt%)/HNT-Ag−3 [31] nanocomposites
are 84.3 J g−1, 25.8 ◦C, 79.3 J g−1, 23.2 ◦C; 69.5 J g−1, 24.3 ◦C, 62.2 J g−1, 22.3 ◦C; 72.5 J g−1,
35.2 ◦C, 28.1 ◦C; 71.3 J g−1, 33.6 ◦C, and 25.7 ◦C, respectively. The enthalpy values of the
NCPSPB3 PCM nanocomposite obtained in the study, PEG/CNF, PEG/90CNF + 10rGONP,
the PEG1000 (45% wt%)/HNT-Ag−1 nanocomposites investigated by Zeighampour et al. [78],
and the PEG1000 (45% wt%)/HNT-Ag−3 composite investigated by Song et al. [31] are
near these values. PEG/CNF, PEG/90CNF + 10rGONP, PEG1000 (45 wt%)/HNT-Ag−1,
and PEG1000 (45 wt%)/HNT-Ag−3 have thermal conductivity values of 0.68 Wm−1K−1,
0.85 Wm−1K−1, 0.73 Wm−1K−1, and 0.90 Wm−1K−1, respectively. The thermal conduc-
tivity value of the NCPSPB3 PCM nanocomposite is 27.30 times, 21.84 times, 25.43 times,
and 20.63 times greater than the values of PEG/CNF, PEG/90CNF + 10rGONP, PEG1000
(45 wt%)/HNT-Ag−1, and PEG1000 (45 wt%)/HNT@Ag−3 composites, respectively. The
Hm, Tm, Hc, and Tc values of the NCPSPb8 and NCPSPbBN17 PCM nanocomposites
are 43.8 J g−1, 83.8 ◦C, 4.94 J g−1, 185.5 ◦C, and 34.6 J g−1, 83.8 ◦C, and 5.36 J g−1,
190.2 ◦C, respectively. The values of PEG/50CNF + 50rGONP nanocomposite are 55.1 J g−1,
17.3 ◦C, 48.8 J g−1, 16.8 ◦C, which are comparable to those of the PEG/50CNF/50rGONP
nanocomposite. The NCPSPb8 PCM nanocomposite, NCPSPbBN17 PCM nanocompos-
ite, and PEG/50CNF + 50rGONP nanocomposite have thermal conductivity values of
17.14 Wm−1K−1, 15.71 Wm−1K−1, and 2.39 Wm−1K−1, respectively. PEG/50CNF + 50rGONP
has a thermal conductivity value that is 7.17 times and 6.57 times lower than that of the
NCPSPb8 and NCPSPbBN21 PCM nanocomposites, respectively. Song et al. [31] devel-
oped the PEG/HNT-Ag−3 nanocomposite PCM as a unique kind of stable nanocomposite
PCM with a suitable phase-change temperature (33.6 ◦C), relatively significant latent heat
(71.3 J g−1), outstanding thermal reliability, and increased thermal conductivity and con-
version. Taking this into account, scientists demonstrated that it has a high potential for
thermal energy storage and can be utilized as a building material to reduce indoor tem-
perature changes, improve thermal comfort, and conserve electrical energy. According to
Zeigampour et al. [78], SSPCNs with and without rGONP loadings have advantageous
phase-transition temperatures, with latent heat values ranging from 55.1 to 84.3. They
created SSPCNs that have shown excellent high-tech applications in accurate temperature
control and quick temperature regulation [78]. The latent temperatures of various PCM
nanocomposites ranged from 34.6 to 67.6 in this investigation. As a result, as described
in the literature [31,78], these PCM composites can be used as building materials to re-
duce indoor temperature variations, increase indoor thermal comfort, conserve electrical
energy, and provide precise temperature control and fast temperature regulation under
certain conditions.
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2. Materials and Methods
2.1. Materials

PbO Merck & Co. Inch. is produced and manufactured in Kenilworth, NJ, USA.
BN particles of 1 µm size are an Aldrich product. PEG DM macrocrosslinkers were ob-
tained from PEG polymers with molecular weights of 1000 gmol−1, 1500 gmol−1, and
10,000 gmol−1 by using methacrylic acid chloride [75–77].

2.2. Polymers
2.2.1. Synthesis of the PEG DM Macrocrosslinkers and the PS-PEG Block Copolymers

The PEG DM macrocrosslinkers and the PS-PEG copolymers were synthesized accord-
ing to [75–77].

2.2.2. Preparation of the BN- and PbO-Doped PS-PEG PCM Nanocomposites

Table 1 shows the content of the PCM nanocomposites examined.

Table 1. The content of the PCM nanocomposites.

PCM ID PS-PEG PS-PEG (wt%) BN (wt%) PbO (wt%) Volume (mm3)

NCPS1 1000 100 0 0 575.3
NCPSPb2 1000 50 0 50 579.1
NCPSPb3 1000 30 0 70 523.9
NCPSPb4 1000 10 0 90 357.5
NCPSPb5 1000 46.2 0 53.8 753.8
NCPS6 1500 100 0 0 631.8
NCPSPb7 1500 50 0 50 734.5
NCPSPb8 1500 30 0 70 631.8
NCPSPb9 1500 10 0 90 463.6
NCPSPb10 1500 46.2 0 53.8 858.3
NCPS11 10,000 100 0 0 782.3
NCPSPb12 10,000 50 0 50 399.4
NCPSPb13 10,000 30 0 70 519.8
NCPSPb14 10,000 10 0 90 511.2
NCPSPb15 10,000 46.2 0 53.8 657.6
NCPSBN16 1000 50 50 0 696.5
NCPSPbBN17 1000 15 15 70 599.6
NCPSPbBN18 1000 5 5 90 551.1
NCPSPbBN19 1000 26.1 13 60.9 513.5
NCPSBN20 1500 50 50 0 591.3
NCPSPbBN21 1500 15 15 70 515.9
NCPSPbBN22 1500 5 5 90 638.3
NCPSPbBN23 1500 26.1 13 60.9 607.6
NCPSBN24 10,000 50 50 0 741.6
NCPSPbBN25 10,000 15 15 70 413.5
NCPSPbBN26 10,000 5 5 90 528.8
NCPSPbBN27 10,000 26.1 13 60.9 842.4

Known weights of PS-PEG block copolymers, PbO nanoparticles, and BN nanoparti-
cles were mixed in an agar mortar and homogenized before being compressing into tablets.
The tablets of the PCM nanocomposites were formed by hydraulic pressure at 10 MPa
stress for 20 min at 22 ◦C. The tablet’s thickness was measured by using a BTS of 12,051 µm.
The thickness of the tablets with a diameter of 12 mm ranges between 0.8–5 mm.

Figure 1 shows the chemical structure of the polymers and the interaction between the
polymers and nanoparticles.
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Figure 1. Schematic representation of the molecular formula (A) [74] of the PS-PEG block copolymer
and (B) the PCM nanocomposite tablets.

2.3. Characterizations

The characterization of the macrocrosslinker synthesized according to the literature [67–69]
was investigated by FT-IR, NMR, and GPC methods. PS-PEG block copolymers were
investigated with FT-IR, SEM, and TGA instruments. The characteristic FT-IR peaks and
properties of PEG DMs and PS-PEG block copolymers are similar to the results in the
literature [67–69].

2.3.1. Thermal Properties
TGA Method

The thermal decomposition process of the PEG-DM macrocrosslinkers, the PS-PEG
block copolymers, and the PCM nanocomposites was implemented via the Seiko II Exstar
6000 TG/DTA (Seiko Instruments Inc., Chiba, Japan) analysis instrument. TGA thermo-
grams of the macrocrosslinkers, block copolymers and PCM nanocomposites were obtained
in a nitrogen gas atmosphere (200 mL/min) between 30–500 ◦C. The heating rate was taken
as approximately 20 ◦C/min.

DSC Method

The Tm, Tc, ∆Hm, and ∆Hc values of the PS-PEG copolymers and the PCM nanocom-
posites were obtained by using DSC (Perkin-Elmer Jade model, Perkin-Elmer Inc., Waltham,
MA, USA). DSC measurements were made under nitrogen gas. The samples were exam-
ined at a heating rate of 10 degrees per minute from −20 ◦C to 300 ◦C and a cooling
rate of 10 ◦C per minute from 300 ◦C to −20 ◦C. The weight of the PCM nanocomposites
was approximately 3.0 mg. Fc values were calculated by using Equation (1) using DSC
data [45–47].

Fc =
∆HPCMS

∆Hpureβ
(1)

Here, ∆Hpcms and ∆Hpure are the latent heat of the nanocomposite and the PS ho-
mopolymer, respectively. The value of ∆Hpure is 22.5 J/g. β is the mass fraction of the
PS-PEG block copolymer in the nanocomposite.

2.4. Thermal Conductivity Method

By measuring the temperature difference between the two ends of the PCM nanocom-
posites, we calculated the thermal conductivity from Equation (2) [73]. We used a resistor
that could go up to 50 W for 12 V to energize one surface of the sample. We determined the
inlet temperature between 35−90 ◦C by applying 22.2 W of power.

λ =
q(x2 − x1)

A(T2 − T1)
(2)
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Here, λ is the thermal conductivity, and its unit is given as W/(mK). The parameter
q is the power of the resistor, given in Watts. x1 and x2 are the distance between the
beginning and ends of the sample exposed to heat and the end of the heat flow, respectively.
Equation (2), q = −λ. A. ∇T, is based on Fourier’s law. T1 > T2, since T1 is the initial
temperature value applied to the x1 point of the sample. T2 is the temperature measured
on the other end of the sample after the heat has passed through the sample. Therefore,
T2 − T1 < 0.

2.5. Morphology
2.5.1. SEM Analysis

The surface properties of the polymers and the PCM nanocomposites were elucidated
with the SEM method. The SEM photographs were pictured by the JEOL JXA-840 brand
model SEM instrument (Tokyo, Japan). The PS-PEG copolymers and the PCM nanocom-
posites were frozen with liquid nitrogen and then broken with an Edwards S 150 B model
spray-coater. Broken specimens were plated with gold (300 Angstroms). SEM photos were
taken at 10 kV, high vacuum, ESEM at 30 kV, and 3.0 nm resolution. The standard detectors
used were ETD, low vacuum SED (LVD), gas SED for ESEM mode (GSED), and IR camera.
Electron images from the cathode ray tube were recorded on a Polaroid film.

2.5.2. TEM Analysis

The structural analyses of PbO and BN nanoparticles and the PCM nanocomposites
were investigated by using the FEI-Tecnai G2F30 model TEM tool. The samples of which
TEM pictures were taken were examined by fixing on carbon-coated TEM grids. The
nanoparticles and PCM nanocomposites were imaged at 300 kV. The histogram of PbO
nanoparticle sizes was obtained by counting more than 450 particles from the TEM image
and using Image J Processing and Analysis software.

2.5.3. XRD Method

The XRD data of the PCM nanocomposites were obtained with an X-Ray Diffractome-
ter with trademark DMAX 2400 (Rigaku, Japan). The measurements were made under
Copper Kα radiation with properties of 1.541 Å, 40 kV, and 100 mA. The measurements
were taken at a scan rate of 8/min over 2 h and between 5–90 ◦C. The 2θ value and Miller
indices of the PS-PEG block copolymers and the nanocomposite PCMs were investigated.

3. Results and Discussion
3.1. TGA Measurements of the PS-PEG-PbO and -BN Nanocomposite PCMs

Table 2 shows the degradation temperatures and the remaining mass (wt%) of the
PCM nanocomposites. Figure 2 and Figure S1 show thermograms of PS-PEG (1000) PCMs
with PbO additives. Figure 2 presents TGA thermograms of NCPSPb3, NCPSPb8, NCP-
SPb13, NCPSPbBN17, NCPSPbBN21, and NCPSPbBN25. Thermograms of other PCM
nanocomposites are presented in Figures S1–S6. The thermograms demonstrate thermal
degradations of all PCMs which were investigated between 40.3–402.9 ◦C. As a result, the
thermal stability of the PCM nanocomposite with the addition of PbO nanoparticles is
higher than the value of the polymers. This situation is due to increased physical interac-
tions between PbO nanoparticles and PS-PEG polymer, such as van der Waals force and
hydrophobic–hydrophobic interactions. The initial degradation temperature of NCPSPb3
PCM nanocomposite is higher than the value of NCPS1 and NCPSPb2. When the PbO
content of the NCPSPb3 is increased and the polymer content is decreased, the moisture
evaporates and the temperature decreases to 49.0 ◦C. NCPSPb3 has more PbO nanoparti-
cles than the polymer, so its degradation temperature increases. The remaining masses of
NCPSPb3 at its first and second degradation temperature are 96,900 wt% and 83,100 wt%,
respectively. As a result, when PbO nanoparticles are doped into the PS-PEG (1000) copoly-
mer (NCPS1), this increases the thermal stability of the polymer. As seen in Figure 2,
Figures S1C, S2B, S3C, S4B, S5B and S6B, when NCPSPb4 contains PbO nanoparticles
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70 wt% and 15 wt% BN, the amount of remaining mass is higher. TGA graphs of NCPSPb4
and NCPSPb5 are shown in Figure S1D and Figure S1E, respectively. The results of the
NCPSPb5 are very different from the results of the NCPSPb2. Although the initial decay
temperature is high in NCPSPb5, the remaining mass amounts are lower than in NCPSPb2.
As a result, 53.8 wt% PbO nanoparticles in the NCPSPb5 decreased the thermal stability of
the PCM nanocomposite.

Table 2. The degradation temperatures and the remaining mass (wt%) of the PCM nanocomposites.

PCM ID First Stage of
Degradation

Second Stage of
Degradation

Third Stage of
Degradation

Fourth Stage of
Degradation

t
(◦C)

Remaining
Mass, %wt

t
(◦C)

Remaining
Mass, %wt

t
(◦C)

Remaining
Mass, %wt

t
(◦C)

Remaining
Mass, %wt

NCPS1 46.7 76.7 254.2 62.5 343.5 49.4 381.2 36.4
NCPSPb2 40.3 99.2 249.6 88.4 335.4 71.4 382.8 45.1
NCPSPb3 49.0 99.9 244.4 83.1 289.0 71.8 375.3 42.3
NCPSPb4 43.3 98.7 85.9 88.73 241.8 83.7 402.9 51.8
NCPSPb5 80.8 71.5 257.9 66.3 383.7 21.2 - -
NCPS6 53.4 93.5 322.4 82.5 417.9 0.5 - -
NCPSPb7 50.7 92.7 257.6 64.8 280.7 58.4 386.9 22.7
NCPSPb8 39.9 97.5 243.3 83.4 374.0 38.0 428.7 33.4
NCPSPb9 47.2 98.1 165.9 85.9 349.0 61.0 370.1 53.9
NCPSPb10 47.2 90.51 85.7 81.9 253.4 76.7 380.0 30.4
NCPS11 31.2 96.1 66.5 76.0 293.8 69.3 401. 8 3.0
NCPSPb12 25.3 94.3 75.2 49.7 259.9 40.4 403.3 −54.0
NCPSPb13 41.6 97.3 239.1 89.5 326.4 71.2 371.9 48.8
NCPSPb14 44.0 97.6 231.9 87.2 287.7 77.2 372.0 56.2
NCPSPb15 45.1 98.4 245.1 91.4 372.2 64.6 424.9 61.1
NCPSBN16 46.5 98.8 254.8 96.4 366.9 63.4 424.8 60.0
NCPSPbBN17 54.7 97.04 233.7 93.2 331.7 77.1 381.5 69.2
NCPSPbBN18 37.1 97.5 228.3 91.6 370.0 65.2 420.1 62.7
NCPSPbBN19 47.2 87.9 230.8 84.6 331.1 12.6 393.5 3.9
NCPSBN20 37.0 99.0 281.9 95.3 376.6 63.4 418.7 61.2
NCPSPbBN21 39.2 97.8 237.4 88.7 344.0 68.5 371.9 61.5
NCPSPbBN22 53.8 99.0 152.9 97.0 357.9 72.0 421.0 69.4
NCPSPbBN23 41.2 97.1 242.8 86.9 365.1 58.6 427.0 53.2
NCPSBN24 51.8 99.2 272.8 96.6 385.3 75.9 417.3 74.8
NCPSPbBN25 64.7 96.5 235.5 92.6 361.9 68.7 410.8 66.7
NCPSPbBN26 65.8 99.0 236.7 95.1 377.2 68.8 412.4 68.0
NCPSPbBN27 28.3 99.2 238.5 95.1 371.7 54.7 421.8 50.8
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The thermogram of the NCPS6 PCM nanocomposite is shown in Figure S2A. For
NCPS6, the thermal stability, initial degradation temperature, and the amount of mass
remaining after decomposition decreases as the molecular weight of the crosslinker in-
creases, while the final degradation temperature increases. NCPSPb7 NCPSPb8, NCPSPb9
and NCPSPb10 graphs are presented in Figure S2B–E. When the PbO ratio is 50 wt% in
the NCPSPb7, the initial degradation temperature is 50.7 ◦C, which is higher than the
value of the NCPSPb2. As a result, thermal stability increased when the molecular weight
of the crosslinker PEG was increased from 1000 to 1500, when the amount of PbO was
the same. The initial decomposition temperatures and the amount of evaporated water
of NCPSPb8 and NCPSPb9 containing 70 wt% and 90 wt% of PbO nanoparticles were
decreased compared with the values of the NCPS6. As a result, the addition of a large
amount of PbO for the PS-PEG-1500 polymer reduced thermal stability. The results for the
NCPSPb10 are in agreement with the other nanocomposites.

Thermograms of NCPS11, NCPSPb12, NCPSPb13, NCPSPb14, and NCPSPb15 are
shown in Figure S3A–E. Considering the degradation temperatures and the residual mass
obtained for NCPSPb11-15 PCM nanocomposites, thermal stability decreased as the molec-
ular weight of the macrocrosslinker increased from 1000 and 1500 to 10,000. However, an
increased amount of PbO in PEG-10,000 indicates that it increased thermal stability.

The thermograms of NCPSBN16, NCPSPbBN17, NCPSPbBN18, and NCPSPbBN19
are presented in Figure S4A–D. When BN was added to the NCPS1 polymer in NCPSPb16,
the thermal stability was observed to be higher than the thermal stability of NCPS1. As
observed in NCPSPb17, thermal stability appears to be better than in NCPSPb16 when
PbO is added. Increasing the PbO ratio to 90 wt% in the NCPSPb18 reduced the thermal
stability of the composite to below the value of NCPSPb17.

Figure S1 and Figure 2 and show the thermal plot of PS-PEG (1500) doped with BN
and PbO nanoparticles. The thermograms of NCPSBN20, NCPSBN21, NCPSBN22, and
NCPSBN23 are shown in Figure S5A–D. When the TGA graphs of NCPSPb20, NCPSPb21
and NCPSPb22 nanocomposites are examined, it is clearly seen that increasing the amount
of PbO nanoparticles in the PEG 1500 polymer increases its thermal stability. Considering
the composition of the NCPSPb23 nanocomposite, its thermal stability is higher than that of
NCPSPb21, because the amount of polymer is higher in its structure. However, its thermal
stability is decreased a little due to the amount of PbO being lower than that in NCPSPb23.

The PCM nanocomposite thermograms (containing PS-PEG (10,000) block copolymer,
and BN and PbO nanoparticles) are presented in Figure 2 and Figure S6. The graph for
NCPSBN24 is shown in Figure S6A. The thermograms of NCPSPbBN25, NCPSPbBN26,
and NCPSPbBN27 are shown in Figure S6B–D. It was observed that the addition of BN
and PbO at different rates to the NCPSP11 nanocomposite (for NCSPb25 and NCPSPb26)
increased the thermal stability. When the BN nanoparticle and PbO nanoparticle is below
15 wt% and 70 wt% (for NCPSPb27), respectively, the first decomposition temperature
of the PCM nanocomposite is decreased, but the amount of the remaining mass does not
change significantly. The remaining mass at the final decomposition temperature ranges
from 68–74% in other samples, while it is around 50% for NCPSPb27.

The TGA results were examined in detail to illustrate the degradation of PbO- and
BN-doped PS-PEG PCMs. As seen in all figures, there was little degradation when
the PCMs were heated to about 430 ◦C, indicating that the PCMs are thermally stable.
Three degradation temperatures were observed: 40 ◦C, 250 ◦C and 380 ◦C. The initial
degradation of PS-PEG (1000) PCMs started at about 40 ◦C, and the final degradation
was observed at 380 ◦C. In addition, the nanostructured BN particle additive yielded
three degradation temperatures at 40 ◦C, 230 ◦C, and 330 ◦C. The TGA curves of all the
PbO–BN-doped nanocomposite PCMs exposed thermal degradation actions parallel to
that of the PbO-doped PS-PEG (1000) PCMs. A few degradation points were between
50–380 ◦C. The initial loss began at 50 ◦C and the last degradation at 380 ◦C originated
from the degradation of the PS-PEG (1500) PCMs. In addition, the nanostructured BN
nanoparticle additive showed three degradation temperatures around 40–240 ◦C and
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420 ◦C. The first stage of degradation started at 40 ◦C and the final decomposition tem-
perature was 430 ◦C, which caused the degradation of the PS-PEG copolymer in PCMs.
Furthermore, the addition of BN nanoparticles showed several degradation temperatures
in the range of 40 ◦C to 420 ◦C. As a result, it was seen that losses between 40 ◦C and
80 ◦C in all composites were caused by the evaporation of water. In addition, PCMs with
higher PbO and BN nanoparticle ratios represent thermal stability. This is due to the large
number of nanoparticles in PCMs that prevent the degradation of polymer chains. The
present results show that the PS-PEG polymer becomes more thermally stable when the
PCM nanocomposites are incorporated with PbO and BN nanoparticles. Because of these
uses, PCM nanocomposites can exhibit excellent thermal persistence for a variety of energy
application systems.

3.2. DSC Results of the PS-PEG/BN/PbO PCM Nanocomposites

Phase-change temperatures of PS-PEG/PbO, PS-PE/BN, and PS-PEG/PbO/BN PCM
nanocomposites were measured by the DSC technique. Melting and solidification DSC
curves of PS-PEG PS-PEG/PbO, PS-PE/BN, and PS-PEG/PbO/BN PCM nanocompos-
ites are shown in Figures 3 and 4. The Tm, ∆Hm, Tc, ∆Hc values of the PS-PEG PCM
nanocomposites were determined from the endothermic and exothermic curves during
phase change. The melting/solidification temperature (Tm/Tc), endothermic/exothermic
enthalpy (∆Hm/∆Hc) and Fc values are given in Table 3. Tm-Tc, ∆Hm-∆Hc and Fc values
are the most effective ways to interpret the thermal behavior of PCM nanocomposites.
Endothermic peaks were observed between 55.5–205.8 ◦C due to melting (as seen in Table 3
and Figures 3 and 4).
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Figure 4. Thermal behavior of PS-PEG PCM nanocomposites: (A) NCPSPbBN17, (B) NCPSPbBN21,
(C) NCPSPbBN25.

Figure 3 shows the thermal behavior of NCPSPb3, NCPSPb8, and NCPSPb13 PCM
nanocomposites, while those of other PCM nanocomposites are given in Supplementary S2.
Figure S7 presents the thermal behavior of NCPS1, NCPS6 and NCPS11. Compared with
the NCPS1 (PS-PEG 1000) polymer, the Tc of the NCPSPb3 PCM nanocomposite slightly
increased. A significant increase was observed in ∆Hm values (Figure 3A and Figure S2A).
DSC curves of NCPSPb8 and NCPS6 are seen in Figure 3B and Figure S7B. As can be seen
from these figures, the addition of 70% by weight of PbO to the NCPS6 block copolymer
caused a partial increase in Tm values of NCPSPb8. It also greatly increased the ∆Hm values.
Tm and ∆Hm values of NCPSPb13 and NCPS11 are shown in Figure 3C and Figure S7C.
The average ∆Hm value corresponding to melting temperatures of the NCPS11 in the range
of 58.8–190.1 ◦C was 10.3 J g−1. The ∆Hc value at 31.5 ◦C was found to be −7.98 J g−1.
Tm-∆Hm values of NCPS13 were 62.1 ◦C–7.38 J g−1, 83.2 ◦C–27.2 J g−1, 123.2 ◦C–6.64 J g−1,
and 204.7 ◦C–21.4 J g−1. Tc-∆Hc values of NCPS13 were 186.2 ◦C, −5.18 J g−1.

Tm values of NCPSBN16 (in Figure S8A) are shown in Table 3. When the NCPS1
results are compared with those of NCPSBN16, their Tm values were found to be not much
different. As can be seen from the data in Table 3, the addition of BN nanoparticles to
the PS-PEG polymer increases the ∆Hm values. Tm-∆Hm values of NCPSPbBN17 can
be seen in Figure 4A. It is evident that the incorporation of the filler into the matrix
increases the Tm of the PCM nanocomposites. Tm values of the NCPSBN20 (in Figure S8B)
showed minor fluctuation changes compared with the NCPS6 block copolymer. DSC
thermograms of the NCPSPbBN21, NCPSBN24, and NCPSPbBN25 PCMs are shown in
Figure 4B, Figure S8C, and Figure 4C, respectively. The average ∆Hm value for the four Tm
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values corresponding to the 59.4–204.7 ◦C range of the NCPSPbBN21 is 25.0 J g−1, and the
∆Hc value corresponding to the Tc (187.4 ◦C) temperature is −5.44 J g−1. For NCPSBN24,
the mean ∆Hm value corresponding to the temperatures of 55.5−184.8 ◦C was found to be
15.2 J g−1. The ∆Hc value at the Tm of 112.1 ◦C is 0.62 J g−1. For NCPSPbBN25, the mean
∆Hm value corresponding to five melting temperatures was found to be 11.1 J g−1 and the
∆Hc value was found to be 3.04 J g−1 at Tc = 188.6 ◦C. Adding a certain amount of BN
nanoparticles to the PCM nanocomposite causes the composite to shift to lower melting
and crystallization transition temperatures. Tm and Tc values of the NCPS1, NCPS6, and
NCPS11 copolymers were found to increase with increasing molecular weight of the PEGs.
It was observed that Tc and Tm values increased with the addition of PbO nanoparticles
in NCPSPb3, NCPSPb8, and NCPSPb13. When BN particles are added to NCPS1, NCPS6,
and NCPS11 block copolymers, Tc values decrease while Tm values are almost the same.
The melting and cooling curves of the selected sample composites were formed in almost
the same regions as the DSC curves in Figure 3, Figure 4, Figures S7 and S8. In this case, it
can be concluded that PCM nanocomposites have a similar phase change.

Table 3. Thermal Properties of the PS-PEG PCM, PS-PEG/PbO PCM, and PS-PEG/BN/PbO
PCM nanocomposites.

PCM ID Tm (◦C) ∆Hm (J g−1) Tc (◦C) ∆Hc (J g−1) Fc

NCPS1 73.2
185.2

3.7
7.31

7.9
76.8

1.24
1.31

0.032
0.034

NCPSPb3
81.8

185.8
200.7

67.6
1.68
4.62

188.4 5.12 0.728

NCPS6

80.6
133.1
159.5
185.4

4.16
0.69
0.31
0.40

78 2.27 0.063

NCPSPb8
59.9
83.0

203.0

8.01
43.8
26.7

185.5 4.94 0.724

NCPS11
58.8

137.2
190.1

12.6
13.3
4.96

31.5 7.98 0.305

NCPSPb13

62.1
83.2

123.2
204.7

7.38
27.2
6.64
21.4

186.2 5.18 0.698

NCPSBN16
73.8

137.3
186.1

2.75
0.58
4.69

4.7
89.4

1.67
1.14

0.089
0.087

NCPSPbBN17

57.8
83.8

186.8
204.7

7.27
34.6
0.96
10.4

190.2 5.36 1.985

NCPSBN20 80.3
185.3

1.81
1.15

11.5
93.2

1.04
0.67

0.094
0.092

NCPSPbBN21

59.4
84.4

123.2
204.7

18.8
22.2
31.5
27.6

187.4 5.44 1.777

NCPSBN24 55.5
184.8

6.73
8.49 112.1 0.62 0.053

NCPSPbBN25

60.0
84.1

106.1
125.4
205.8

11.9
10.01
6.07
6.05
21.6

188.6 3.04 0.860
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Table 3. Cont.

PCM ID Tm (◦C) ∆Hm (J g−1) Tc (◦C) ∆Hc (J g−1) Fc

PEO-CMC [79] 58.4–62.5 52.8–140.2 35.3–41.3 5.2–138 -
PEO-CEL [79] 62.5–63.4 40.6–134.7 32.5–39.5 40.2–127.3 -
AMPD/TAM [80] 114.7–122.6 5.1–181.5 19.3–187.1 20–203.8 -
NPG/TAM/PE/AMPD [80] 171.6 14.1 169.6 17.4 -
NPG/PE [81] 160.3–169.8 18.8–26.2 - - -
PE-TAM [82] 184.6 14.2 188.6 14.3

∆Hm is important for PCMs containing PEG [41]. ∆Hm values decreased for BN/PS-PEG
nanocomposites. This decrease led to a decrease in ∆Hm as a result of steric effects that
change the structure of the polymer chains and the increase in the mobility and free volume
of the polymer matrix at temperatures above Tm. These effects are due to the decrease in Tm
of the PS-PEG/BN nanocomposite. In addition, the interactions between the nanoparticles
and the polymer matrix reduced the free volume of the polymer chain [49,72]. When
PbO and BN nanoparticles are homogeneously dispersed in the PS-PEG matrix, close
interactions such as surface tension forces, π–π interactions and capillary forces between
nanoparticles and PS-PEG will limit the mobility of the PS-PEG polymer. This causes a
decrease in the phase-change temperature. The highest phase-change enthalpy of the PCM
nanocomposite containing PbO 70 wt% and PS-PEG (1000) 30 wt% is 67.6 J g−1. In addition,
the thermal conductivity of composites can be significantly increased by the addition of
PbO and BN nanoparticles, which leads to a fast thermal response.

As a result, the Tm, ∆Hm, Tc and ∆Hc values of the PCM nanocomposites that we exam-
ined fall within the range of the PEO-CMC, PEO-CEL [79], AMPD/TAM, NPG/TAM/PE/
AMPD [80], NPG/PE [81], and PE-TAM [82] composites.

In addition, Fc values were calculated for different compounds using the crystallization
enthalpy values obtained from DSC (Table 3). It was observed that the Fc values calculated
from the DSC result increased. The Fc value of the PS-PEG copolymer increases as the ratio
of BN nanoparticles and PbO nanoparticles increases. The Fc value of NCPSPb8 increases
to 0.724 with the addition of PbO nanoparticles into NCPS6, whose Fc value is 0.063. When
BN nanoparticles are added to NCPS6, the Fc value of 0.063 increases to 0.094 and 0.092
(NCPSBN20), and when PbO is added to this composite, the ratio increases even more, with
a value of 1.777 obtained for NCPSPbBN21. We observed the same effect in all our other
samples as follows: Fc values are 0.032 and 0.034 for pure NCPS1. These values increased
with the contribution of PbO and reached 0.728. Only with the BN additive does the Fc
value rise to 0.089 and 0.087, and when pure PS-PEG is added to BN nanoparticles and PbO
nanoparticles, the Fc value reaches 1.985. The Fc value of the NCPS11 copolymer is 0.305.
With the addition of PbO nanoparticles to the NCPS11 copolymer, the Fc value increases to
0.698. At the same time, if the BN nanoparticle and PbO nanoparticle are used together, the
Fc value reaches 0.860.

The measured latent heat capacity of the 70 wt% PbO-nanoparticle-doped NCPSPb3
composite is 89.5% larger than the value of NCPS1. The latent heat capacity of NCPSPb8
doped with 70 wt% PbO nanoparticles is 92% higher than that of its polymer. This possibil-
ity is attributed to the scarcity of physical interactions between nanoparticles and PS-PEG,
such as van der Waals force and hydrophobic–hydrophobic interactions, which can restrict
the mobility of PS-PEG molecular chains during the crystallization process. As a result,
the phase-change enthalpy of NCPSPB3, NCPSPb8, and NCPSPb13 containing PS-PEG
and PbO nanoparticles increases. As the PbO and BN nanoparticle content increases in
PCM nanocomposites, the thermal conductivity increases. Also, the latent heat gradually
increases. This implies that increasing thermal conductivity using PbO and BN nanopar-
ticles will be accompanied by increased latent heat in the nanocomposites. In this study,
PbO and BN nanoparticles led to an increase of 61.9% in thermal conductivity and 93.8% in
latent heat of PS-PEG block copolymers. Therefore, it would be beneficial to add PbO and
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BN nanoparticles at a low loading rate to obtain the appropriate latent heat and to increase
the thermal conductivity of the composites.

3.3. Thermal Conductivity

λ values were investigated for nanocomposites prepared from different amounts of
PS-PEG copolymer, BN nanoparticles, and PbO nanoparticles. To determine the ther-
mal conductivity of PCM nanocomposites, 5 wt%, 13 wt%, 15 wt%, and 50 wt% of BN
nanoparticles and 10 wt%, 53.8 wt%, 70 wt%, 90 wt% of PbO nanoparticles were used.

The results of the λ values according to the additive ratios are given in Figure 5A–C.
The λ values of PS-PEG copolymers and the PCM nanocomposites were calculated accord-
ing to Equation (2). When the λ values of PS-PEG copolymers and PCM nanocomposites
are examined from Figure 5, it is seen that the λ values of PS-PEG/PbO PCM nanocom-
posites are higher than that of the PS-PEG block copolymer. The greater value of PCM
nanocomposites compared with their copolymers is due to the increase in free volume with
the addition of PbO nanoparticles. The λ value of the NCPS1 block copolymer (PS-PEG
(1000) was found to be 5.77 W/(mK)). The λ values of NCPSPb2, NCPSPb3, NCPSPb4,
and NCPSPb5 containing the PS-PEG (1000) copolymer were 234%, 222%, 210%, and 332%
higher, respectively, than the λ value of the copolymer (Figure 5A). The λ values increased
with the contribution of 50–90 weight PbO nanoparticles to the NCPS1 polymer. It was
observed that the increase in λ value of the NCPSPb5 nanocomposite was higher than that
of the polymer. The λ value of NCPS6 (PS-PEG (1500) block copolymer) was found to be
5.70 W/(mK). The λ values of NCPSPb7, NCPSPb8, NCPSPb9, and NCPSPb10 were 196%,
201%, and 286% higher than the λ value of its copolymer. Among the PbO nanoparticle-
doped PS-PEG (1500) PCM nanocomposites, NCP-SPb10 (46.2 wt% PS-PEG (1500) and
53.8 wt% PbO nanoparticles) had the highest λ value. The λ value of NCPS11 (PS-PEG
(10,000) block copolymer) was 5.65 W/(mK). The λ values of NCPSPb12, NCPSPb13, NCP-
SPb14, and NCPSPb15 (50 wt%, 70 wt%, 90 wt%, and 53.8 wt% of PbO nanoparticles) were
212%, 211%, 210% and 305% higher, respectively, than the λ value of NCPS11 (Figure 5C).
The λ value of the NCPSPb15 nanocomposite (22.91 W/mK) was much higher than that of
the NCPS11 block copolymer. The λ value of NCPSBN16 was calculated as 11.54 W/(mK).
When 50 wt% BN nanoparticles were added to the thermal conductivity of the NCPS1
copolymer, the λ value increased from 5.77 W/(mK) to 11.54 W/(mK). The λ graphs of
NCPSPbBN17, NCPSPbBN18, and NCPSPbBN19 are presented in Figure 5A, and the λ val-
ues of these PCM nanocomposites are n 15.71 W/(mK), 16.9 W/(mK) and 18.87 W/(mK),
respectively. NCPSBN16, NCPSBN20, and NCPSBN24 contain the addition of 50 wt%
BN to PS-PEG (1000), PS-PEG (1500), and PS-PEG (10,000) block copolymers. When the
λ values of these composites were compared with the λ values of the copolymers, BN
nanoparticle addition increased the thermal conductivity of the block copolymers by 100%,
61%, and 75%, respectively. It is the NCPSPbBN23 nanocomposite which has the highest
thermal conductivity (17.44 W/(mK)) among NCPSPbBN21, NCPSPbBN22, and NCP-
SPbBN23. As a result of the incorporation of PbO and BN nanoparticles into NCPSPbBN21,
NCPSPbBN22, and NCPSPbBN23 PCM nanocomposites, the λ values of the composites
increased by 163%, 193%, and 206% from the λ values of their copolymers (Figure 5B). The λ

values of the NCPSPbBN25, NCPSPbBN26, and NCPSPbBN27 PCM nanocomposites were
15.21 W/(mK), 16.74 W/(mK), 17.87 W/(mK). NCPSPbBN27 produced the highest λ value
among NCPSPbBN25, and NCPSPbBN26. The λ values of NCPSPbBN25, NCPSPbBN26,
and NCPSPbBN27 were increased by 169%, 196%, and 216%, respectively, from the ther-
mal conductivity values of their copolymers when PbO and BN nanoparticles are added
(Figure 5). As a result, the BN additive increased the thermal conductivity values of the
nanocomposites. Composites with added PS-PEG and PbO produce the best value every
time (with PS-PEG 46.2 wt% and PbO 53.8 wt%). The PCM nanocomposites prepared from
synthesized PS-PEG (1000, 1500, 10,000) copolymers can be used for thermal conductivity.
Using BN and PbO nanoparticles thermal conductive fillers, Zheng et al. produced a
new type of energy storage material with high thermal conductivity by adding different
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masses of hydroxylated multi-walled carbon nanotubes (MWCNTs) to the stable form of
the PEG1500·CaCl2 phase-change material [82]. We observed that the phase change and
thermal conductivity values of the PS-PEG copolymers that we synthesized here were as
high as in those studies.
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Figure 5. λ values of the (A) PS-PEG (1000) copolymers and PS-PEG (1000)/PbO and PS-PEG
(1000)/PbO/BN PCM nanocomposites; (B) PS-PEG (1500) copolymers, PS-PEG (1500)/PbO and
PS-PEG (1500)/BN PCM nanocomposites; and (C) PS-PEG (10,000) copolymers and PS-PEG
(10,000)/PbO and PS-PEG (10,000)/PbO/BN PCM nanocomposites.

We also used BN nanoparticles and PbO nanoparticles to solve the low heat dissipa-
tion problem of PS-PEG polymer materials. We show that PS-PEG block copolymers are
important in the thermal conductivity of PCM nanocomposites. Pure Pb metal has a high
λ value and was found as 35 W/(mK) in the temperature range of 20 ◦C–85 ◦C [83]. As a
result, since oxides are useful materials for thermal barriers and form rich structures, this
allows them to increase the thermal conductivity of the high compositions and the high
efficiency in forming composites. We obtained high conductivity values by using PbO
nanoparticles in our study. The λ value for PbO nanoparticles was 17.5 W/(mK) [84]. Based
on the work of Zhou et al., the λ value for BN was 2 W/(mK) [72].
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Since the λ value of polymers can be increased by using various materials [84–87], it
was concluded that the λ value of nanocomposites formed by adding PS-PEG copolymers
and BN and PbO nanoparticles increased, Lebedev’s study presented that the thermal
conductivity values of LLDPE and PLA-based composites increased 1.9 and 3.5 times
with 40% filler [72,88]. The thermal conductivity of materials is also important for heat
performance, which is a way to conserve energy to increase the efficiency of the systems.
Phase-change energy storage technologies are developing. Polymers with phase-change
properties are far from the desired performance due to their thermal conductivity. It is
common to use additional fillers to improve the performance of polymers. Therefore, the
composites we prepared have reached the desired level.

The λ value of the PS-PEG/BN PCM nanocomposite was found to be increased by 63%
compared with the λ value of the PS-PEG copolymer. In addition, the λ value of the PS-PEG
(1000)/PbO PCM containing PbO 53.8 wt% and PS-PEG 46.20 wt% is 24.90 W/(mK). The
λ value of the PCM nanocomposite doped with PbO nanoparticles was found to be 332%
higher than that of the PS-PEG (1000) block copolymer. The thermal conductivity of
PS-PEG/PbO PCM nanocomposites containing PbO nanoparticles 50 wt%, 70 wt%, and
90 wt% were higher than the thermal conductivity values of their copolymers. It was
found that the thermal conductivity values of PS-PEG (1000, 1500, 10,000)/PbO PCM
nanocomposites (containing PbO nanoparticles 53.8 wt%) were increased by 332%, 291%,
and 305% from their block copolymer, respectively. The results also showed that BN
nanoparticles and PbO nanoparticles significantly increased the thermal conductivity of
the PCM nanocomposites.

3.4. Morphology Results
3.4.1. SEM Images of the PCM Nanocomposites

The polymer chains were linked together. The surface of the polymer is granular
(Figure 6A) and porous (Figure S9) (magnified images from 1000 to 10,000) [46]. PS blocks
linked with the macrocrosslinker PEG are continuous, forming the polymer phase and
a branched structure. A structure was observed in which PS and PEG formed a homo-
geneous continuous matrix. The surface of NCPSPb3 has granular, rough, porous, voids
and clusters (in Figure 6B and Figure S10). The size of the PbO nanoparticles on the NCP-
SPb3 surface is 352.11–456 nm. The morphological images of the PS-PEG/BN/PbO PCM
nanocomposites are shown in Figures S3 and S9–S18. Structural (SEM, TEM) studies were
conducted to examine the morphology, distribution of the nanoparticles, and changes in
chemical structures of the PCM nanocomposites after thermal conductivity measurements.
As a result of the analysis, it was observed that there were no structural aggregates in
the nanocomposites and that the nanoparticles were homogeneously dispersed. The mor-
phologies of PS-PEG/PbO, PS-PEG/BN, and the PS-PEG/BN/PbO PCM nanocomposites
are presented using SEM images. In Figures 7–10, the PS-PEG matrix showed smooth
particles, cracks, voids, and porous surfaces, which took place in the presence of BN and
PbO nanoparticles. In contrast, PS-PEG/BN/PbO PCM nanocomposites showed a rough
and crumpled fracture structure, which was the result of local polymer deformation due to
cracking from the addition of the BN nanoparticles and PbO nanoparticles. In Figures 7
and 10, the BN nanoparticles and PbO nanoparticles were well dispersed in the PS-PEG
matrix, and the compatibility between fillers and matrix was observed to be fine. When
the content of BN nanoparticles and PbO nanoparticles was increased, the fillers formed a
well-interconnected network in the PS-PEG matrix. In addition, at higher magnifications,
the presence of cavities at the interactive interface of the BN/PbO nanoparticles and the
polymer matrix was confirmed. In addition, these properties are effective factors that
improve heat transfer in thermally conductive polymer composites.
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Figure 8. SEM images of NCPSPbBN17 (A) and NCPSPbBN21 (B). EDS mapping and analysis
indicating the element distribution on the surface of the PS-PEG-BN-PbO nanocomposite and SEM
images of NCPSPbBN21 at (C).
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Figure 9. SEM images (A,B) of the NCPSPbBN25 nanocomposite.
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SEM images of the NCPSPb8 nanocomposite are presented in Figure 7A and Figure S11
(magnified images from 1000 to 14,000). As the molecular weight of the crosslinker PEG
in the PS-PEG (1500) copolymer increased, the roughness on the NCPSPb8 surface de-
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creased, and a flatter surface was formed. When SEM photographs of 70 wt% PbO-doped
nanocomposites are compared, the effect of the macrocrosslinker PEG molecular weight
increase is seen. The size of the PbO particle on the NCPSPb8 surface is 233–720.7 nm
(Figure 7A and Figure S11A–C). SEM images of NCPSPb13 have determined that pores
(Figure 7B and Figure S12, magnified images from 1000 to 5000), granulation, branching,
and agglomeration (in Figure 7B and Figure S12) are observed from the surface films of
the composite, where the percentage of PbO is higher than the percentage of polymer. The
size of the PbO particles on the surface was 9.266 nm in Figure 7B and 2.288–8.840 nm in
Figure S12C. EDS images of the NCPSPb8 nanocomposite is presented in Figure 7C. EDS
mapping and analysis of element distribution on the surface verified the presence of carbon
(C) and lead (Pb) elements throughout the surface of the PS-PEG-PbO nanocomposite. The
EDS spectra further showed the corresponding peaks of C and Pb in NCPSPb8 (Figure 7C).

SEM images of NCPSPbBN17 are shown in Figure 8A (magnified images from 5000 to
12,000). As seen in Figure 8A and Figure S13, the surfaces of the NCPSPbBN17 nanocom-
posite exhibit a morphological structure containing granular particles and metal compound
particles (Figure 8A and Figure S13), pores, branching (Figure 8A and Figure S13A,B), ag-
gregates, and cavities (in Figure 8A and Figure S13B,C). Nano-sized BN and PbO particles
appear on the surface of the NCPSPbBN17 PCM nanocomposite. The magnitude of the
BN and PbO particles is 235–409 nm. As seen from the SEM images shown in Figure 8B
and Figure S14 (magnified images from 3000 to 10,000), the NCPSPbBN21 surface also has
pores, particles, layers, branches, and voids, similar to the surface of the NCPS6 copolymer.
BN and PbO nanoparticles appear on the surface of NCPSPbBN21; these have a particle
size of 260–1400 nm (Figure 8B). EDS analysis of the NCPSPbBN21 composite shows Pb, B,
C, O, and N elements on the surface of the composite (Figure 8C).

SEM images of the NCPSPbBN25 nanocomposite are shown in Figure 9A,B and Figure S15.
As seen in Figure 9A,B and Figure S15 (magnified images from 2500 to 15,000), when

the amount of PbO added to PS-PEG (10,000) copolymer is increased to 70 wt%, PbO
particles on the surface appear more intense. The particles, pores, and clusters on the
surface of the composite can be seen from the SEM photographs in Figure 9A,B and
Figure S15. The sizes of the BN and PbO nanoparticles on NCPSPBBN25 are 361–778 nm.

3.4.2. TEM Results

Figure 10A,B shows the TEM images of PbO and BN nanoparticles. The PbO nanopar-
ticles were in the range of 2–15 nm and the size distribution was very narrow. The TEM
images showed the regular spherical shape and confirmed both their size and the ho-
mogenous size distribution. In addition, BN nanoparticles with a mean diameter as small
as 100 nm could be obtained, as shown by TEM analysis (Figure 10C,D). The TEM pho-
tographs of the NCPSPbBN PCM nanomaterial are shown in Figure 10E–J. The small dark
spots in the TEM images indicate the presence of BN and PbO nanoparticles that were
bound to the copolymers. The TEM images of NCPSPbBN17 in Figure 10E,F are similar
to the TEM images of NCPSPbBN21 and NCPSPbBN25, with BN nanoparticles and PbO
nanoparticles dispersed in the interlocking spherical and rod-shaped copolymer structures,
which appear as bright objects that are light in color.

3.4.3. XRD Patterns of the BN Nanoparticle, PbO Nanoparticle, and the PS-PEG/BN/PbO
PCM Nanocomposites

X-ray studies were taken to examine the nanoparticles and changes in chemical struc-
tures of the PCM nanocomposites after thermal conductivity measurements. It was ob-
served that there were no chemical changes.

Figure 11 shows the XRD patterns of PbO, NCPS1, NCPSPb4, NCPS6, NCPSPb9,
NCPS11, and NCPSPb14. The PbO nanoparticles were further analyzed by powder XRD.
The diffractogram shown in Figure 11A is consistent with the nanostructure of PbO. The
two strong peaks with 2θ values of 29.20◦ and 30.42◦ correspond to the (211) and (002)
planes, respectively. The distance values between the planes corresponding to these values
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were determined as 3.056 and 2.936 Å, respectively. The other peaks of the nanostructure
of PbO are 32.73◦, 37.97◦, 45.24◦, and 53.24◦, corresponding to Miller indices of (220), (003),
(222), and (213), respectively. The distance values between the planes corresponding to
2θ = 32.73◦, 37.97◦, 45.24◦, and 53.24◦ values are 2.733 Å, 2.367 Å, 2.002 Å, and 1.719 Å,
respectively. The XRD patterns obtained for PbO are compatible with the literature [88,89].
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Figure 11. (A) XRD patterns of PbO, NCPS1, NCPSPb4, NCPS6, NCPSPb9, NCPS11, and NCP-
SPb14 PCM nanocomposites. (B) XRD patterns of BN, NCPSBN16, NCPSPbBN17, NCPSBN20,
NCPSPbBN21, NCPSBN24, and NCPSPbBN25 PCM nanocomposites.

The XRD patterns coded NCPS1, NCPS6, and NCPS11 in Figure 11A belong to the
PS-PEG (1000, 1500, 10,000) block copolymer. Figure 11 shows X-ray diffraction patterns of
the PS-PEG block copolymer, revealing spectra of a broad amorphous peak that appeared
at 2θ = 20–24◦. The sharp diffraction peak of the PEG part of the PS-PEG (1000) copolymer
appeared at 17.00◦ (d = 5.211 Å) and 25.28◦ (d = 3.520 Å), which indicates a polymer with
crystallinity. Miller indices of the sharp diffraction peaks of the PEG corresponding to
17.00 Å and 25.28◦ are (001), (501), respectively. X-ray diffraction patterns corresponding to
14.04◦ (d-spacing = 6.309 Å) belong to the PS part of the PS-PEG block copolymer, and Miller
indices are (210) [90]. PEG, a semicrystalline polymer, and the PS network, an amorphous
crosslinked polymer, produce a semicrystalline mixture when the molecular weight of PEG
is changed in our experiments. For the molecular weight used in this study (PEG-1000,
-1500, and -10,000), the two-component system is expected to be composed of amorphous
blended regions, with some crystalline regions made up entirely of PEG [91]. The XRD
patterns of BN, NCPSBN16, NCPSPbBN17, NCPSBN20, NCPSPbBN21, NCPSBN24, and
NCPSPbBN25 nanocomposites are presented in Figure 11B. XRD diffraction peaks of
BN nanostructures of (010), (200), and (002) h-BN are observed at 2θ = 14.24◦, 17.02◦,
26.88◦. XRD structural analysis of the BN nanoparticles shows the highest peak at 17.02◦,
corresponding to Miller indices of (200) (Figure 11B). We determined that the 2θ value of
the 100% peak value of BN is 17.02◦, the d-spacing distance corresponding to this value is
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5.205 Å, and the hkl value is (200). In some of the other reflections at 2θ = 30.40◦, 41.86◦,
and 55.18◦, the d-spacing distances detected in the XRD pattern corresponding to these
values are 2.938 Å, 2.156 Å, and 1.663 Å, respectively, and this result correlates with the
literature [92]. Looking at the graph in Figure 11B, it is seen that BN nanoparticles have a
more crystalline structure compared with the PS-PEG polymer, and the BN nanoparticle
has peak values close to the PS-PEG polymer. The XRD diffraction peaks of the NCPSBN16
nanocomposite PCM containing 50 wt% BN and 50 wt% PS-PEG block copolymer are
2θ = 7.29◦, 14.20◦, 17.08◦, 26.44◦, 54.66◦, 75.86◦, and 82.02◦.

The XRD diffraction peaks belonging to BN nanoparticles are at 26.44◦ (d-spacing = 3.314 Å,
and (121) Miller indices) and 55.18◦d = 1.663 Å (see Figure 11B). The XRD patterns at 14.20◦

(d-spacing = 6.231 Å) and 17.08◦ (d-spacing = 5.187 Å) belong to the PEG macrocrosslinker
part of the NCPSBN16 nanocomposite PCM. NCPSPbBN17 contains 15 wt% BN, 15 wt%
PS-PEG, and 70 wt% PbO. In the XRD image of this sample, it is seen that the NCPSPbBN17
has a (100) peak value of 7.24◦, and the corresponding interplanetary distance value is
12.201 Å while the hkl value is (010). As a result, when the SEM, TEM, and XRD results of
the nanocomposites are analyzed, the size analysis and XRD patterns of the nanoparticles
in the PCM nanocomposites gave results consistent with the literature. At the same time,
Fc values varying in the range of 0.032–1.985% calculated from the DSC results of the
PEG macrocrosslinker correspond to 2θ = 17.00◦and 25.28◦peaks on XRD charts. The XRD
results show that the composites retain the crystallization structure of the PS-PEG polymer
and nanoparticles; furthermore, there are only physical rather than chemical reactions
between the PSPEG polymer and PBO and BN nanoparticles.

4. Conclusions

In the study, PCM nanocomposites containing PbO nanoparticles, BN nanoparticles,
and PS-PEG copolymers were prepared. The characteristic analysis of materials was per-
formed using DSC, TGA, SEM, and XRD methods. By examining the DSC curves, it is seen
that the phase-change temperatures and enthalpy values of each material change with the
change in the percentage contribution of the PS-PEG, BN nanoparticles, and PbO nanopar-
ticles. These differences can be explained by the fact that phase-change materials provide
new heat conduction paths, thereby changing the phase transition rate of the samples.
In this study, PCM nanocomposites with latent heats ranging from 34.6 J g−1–67.6 J g−1

can be used to reduce indoor temperature fluctuations, improve indoor thermal comfort,
and save electrical energy. At the same time, they can be used as building materials for
precise temperature control and rapid temperature regulation conditions. The roles of
particle/polymer and particle/particle interfaces on the thermal conductivity of PS-PEG
DM/BN and PbO nanocomposites are discussed in detail, as well as the relationship
between the thermal conductivity and the micro- and nano-structure of the composites.
Recently, studies to improve the thermal conductivity of polymers have been directed
toward the selective addition of nanofillers with high thermal conductivity properties. The
thermal conductivity of the PS-PEG polymers is increased by PbO nanoparticle doping. It
can be seen from the results that the thermal conductivity increases with increasing values
of 0–60.90–70–90% of the PbO ratio. Higher thermal conductivity values were obtained
for nanocomposites by adding nanoparticles such as BN and PbO to the PS-PEG polymer.
Thermal conductivity values obtained from our materials show that they can be widely
used in various engineering applications based on energy storage/release. PS-PG/PbO
and PS-PG/PbO/BN PCM nanocomposites have emerged as versatile functional materials.
PCM nanocomposites can be used for electrical and magnetic materials, EMI and Gamma
radiation shielding, and reflecting and absorbing materials. The X-ray diffraction pattern
corresponding to 2θ = 14.04◦ belongs to the PS part of the PS-PEG block copolymer and
the Miller indices are (210). Two strong peaks of PbO nanoparticles were 2θ = 29.20◦ and
2θ = 30.42◦, and the 2θ value of the 100% peak value of BN is 17.02◦.
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Abstract: The demand for multi-functional elastomers is increasing, as they offer a range of desirable
properties such as reinforcement, mechanical stretchability, magnetic sensitivity, strain sensing, and
energy harvesting capabilities. The excellent durability of these composites is the key factor behind
their promising multi-functionality. In this study, various composites based on multi-wall carbon
nanotubes (MWCNT), clay minerals (MT-Clay), electrolyte iron particles (EIP), and their hybrids
were used to fabricate these devices using silicone rubber as the elastomeric matrix. The mechanical
performance of these composites was evaluated, with their compressive moduli, which was found to
be 1.73 MPa for the control sample, 3.9 MPa for MWCNT composites at 3 per hundred parts of rubber
(phr), 2.2 MPa for MT-Clay composites (8 phr), 3.2 MPa for EIP composites (80 phr), and 4.1 MPa
for hybrid composites (80 phr). After evaluating the mechanical performance, the composites were
assessed for industrial use based on their improved properties. The deviation from their experimental
performance was studied using various theoretical models such as the Guth–Gold Smallwood model
and the Halpin–Tsai model. Finally, a piezo-electric energy harvesting device was fabricated using
the aforementioned composites, and their output voltages were measured. The MWCNT composites
showed the highest output voltage of approximately 2 milli-volt (mV), indicating their potential for
this application. Lastly, magnetic sensitivity and stress relaxation tests were performed on the hybrid
and EIP composites, with the hybrid composite demonstrating better magnetic sensitivity and stress
relaxation. Overall, this study provides guidance on achieving promising mechanical properties
in such materials and their suitability for various applications, such as energy harvesting and
magnetic sensitivity.

Keywords: multi-wall carbon nanotube; silicone rubber; stretchability; energy harvesting; magnetic sensitivity

1. Introduction

In magneto-rheological elastomers (MREs), an important constituent is elastomers.
There are different types of elastomers used, such as natural rubber (NR) [1], styrene-
butadiene rubber (SBR) [2], nitrile butadiene rubber (NBR) [3], and silicone rubber (SR) [4].
Among them, SR is frequently used as an elastomer matrix in MREs. Various studies
have shown that SR is a fascinating matrix that is well-suited for use in MREs due to its
soft nature, low viscosity, ease of curing, and ease of processing [4,5]. There are various
possible types of silicone rubbers depending on the type of vulcanization used, with single
components, such as room-temperature silicone rubber [6], and two-component silicone
rubber or high-temperature vulcanized silicone rubber [7]. Among them, RTV-SR is more
promising due to its ease of processing and soft nature, and is thus explored in this work.

The properties of MREs are affected by the types of additives used [8]. Magnetic
fillers and reinforcing fillers are commonly used as additives in MREs [9,10]. Magnetic
fillers can be classified based on their particle size, shape, or surface area [11]. Among the
various types of magnetic fillers used in MREs, carbonyl iron particles (CIP) with different
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morphologies and sizes are most commonly used [12,13]. Studies have shown that CIP can
act as a favorable magnetic filler due to its favorable oval morphology and small particle
size [13,14]. Other types of magnetic particles include iron oxides ranging from micron-
sized to nano-sized [15]. In addition to magnetic fillers, reinforcing fillers from various
classes are also used. The most promising reinforcing fillers reported in the literature
over the last two to three decades are nanocarbon black (NCB) [16], carbon nanotubes
(CNTs) [17], graphene (GR) [18], and clay minerals [19]. Studies have shown that CNTs are
a fascinating reinforcing filler that lead to a drastic increase in mechanical and electrical
properties at loadings lower than 5 phr, especially in elastomer matrixes [20]. Several
studies have reported the use of CNTs as reinforcing additives in MREs [21,22]. In a few
studies, GR was used as a reinforcing agent in MREs [22,23]. However, the reinforcement
provided by using clay minerals in MREs is not yet fully understood and is thus explored
in the present work.

The mechanical stiffness of the composites used in MREs depends upon the formation
of the microstructure under a magnetic field [24]. The non-magnetic fillers are dispersed
randomly while the magnetic filler is oriented in the direction of the magnetic field [25,26].
The orientation of the magnetic fillers depends upon the magnitude of the magnetic field,
the time of exposure to the magnetic field, and the type of magnetic filler used in such
composites [27]. In addition to these parameters, the mechanical properties also depend
upon the type of non-magnetic filler, its morphology, its shape, size, and the aspect ratio
of the non-magnetic filler [28]. In some cases, a hybrid filler containing both magnetic
and non-magnetic fields was found to be promising [29], and is thus explored in the
present work.

Numerous studies have been conducted on the use of hybrid fillers in MREs [30].
These hybrid fillers can be either both magnetic or a combination of one magnetic and
one reinforcing filler [31]. However, the use of triple hybrid fillers, which consist of two
reinforcing and one magnetic filler, is not fully understood in MREs, and, therefore, this
study aims to explore their properties. Additionally, the stress–strain curves of composites
containing these hybrid fillers require further investigation, which is also explored in this
study. The present work assesses the synergistic effect of these triple hybrid fillers. It
should be noted that MWCNT is a promising reinforcing filler; however, its use in high
amounts significantly reduces the stretchability of composites. Therefore, the addition of
MT-Clay is proposed to improve this mechanical property without significantly affecting
the modulus. Furthermore, EIP was added to make the composites magnetically active.
Hence, the use of these three fillers is justified and presented in this work. This study
also investigates the magneto-mechanical behavior of individual fillers and their hybrid
filler systems.

2. Materials and Methods
2.1. Materials

The RTV-Silicone rubber used in this work was obtained from Shin-Etsu Chemical
Corporation Ltd., Tokyo, Japan. It was purchased under the commercial name “KE-441-
KT” and has a transparent appearance. The vulcanizing material used was also obtained
from Shin-Etsu Chemical Corporation Ltd., Tokyo, Japan, and its commercial name is
“CAT-RM.” The MWCNT used, which has the commercial name CM-100, was purchased
from Hanwha Nanotech Corporation Ltd., Seoul, Republic of Korea. The clay minerals
used (Montmorillonite K10) have a surface area of 220–270 m2/g and were purchased
from Sigma Aldrich, St. Louis, MO, USA. The electrolyte iron particles (EIP) used, which
have the commercial name “Fe#400,” were purchased from Aometal Corporation Limited,
Gomin-si, Republic of Korea. The EIP particles were irregular in shape and had a greyish
color with micron-sized particles in the range of 10–12 µm. The elemental composition of
the EIP was 98.8% iron with traces of nitrogen, oxygen, and carbon. The mold-releasing
agent was purchased from Nabakem, Pyeongtaek-si, Republic of Korea.
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2.2. Characterizations of Fillers and Composites

The morphology of the nanofillers used in this study was investigated using a SEM
microscope (S-4800, Hitachi, Japan). Prior to imaging, the samples were sputtered with
platinum for 2 min to make their surface conductive. The dispersion of fillers in the
composite samples was evaluated using an optical micrograph (Sometech Inc., Seoul,
Republic of Korea). To study filler dispersion in the rubber matrix using SEM, the cylindrical
samples used for measuring the compressive mechanical properties were sectioned into
approximately 0.2 mm thick slices. These slices were then mounted on an SEM stub
and their surfaces were coated with platinum to make them conductive. Finally, SEM
measurements were taken. The mechanical properties under compressive and tensile
strain were evaluated using a universal testing machine (UTS, Lloyd instruments, West
Sussex, UK). The mechanical properties under compressive strain were determined using
cylindrical samples at a strain rate of 4 mm per minute from 0 to 35% strain. Similarly,
mechanical properties under tensile strain were determined using a UTS machine at a
strain rate of 200 mm per minute using a dumbbell-shaped specimen. The thickness of the
dumbbell-shaped specimen was 2 mm and the gauge length was 25 mm. These mechanical
tests were performed according to DIN 53 504 standards. Piezoelectric tests were performed
using a UTS machine under cyclic loads (Lloyd Instruments, West Sussex, UK). The output
voltage generated through the specimen was recorded using a digital multi-meter (Agilent
34401A, Santa Rosa, CA, USA). The energy harvesting sample was composed of MWCNT,
MT-Clay, EIP, and their hybrid. The magneto-mechanical properties were tested at 30%
strain using UTS under compressive strain. The procedure for magnetic sensitivity and
stress relaxation under a magnetic field involved am investigation using cylindrical samples
(10 mm thickness and 20 mm diameter) under 10% compressive strain. The strain rate was
1 mm/min for 5 s of magnetic switching to complete one cycle. Both magnetic sensitivity
and stress relaxation were studied under on–off switching of the magnetic field at 100 mT.

2.3. Preparation of Rubber Nanocomposites

The fabrication process of the MREs was initiated by following the optimized proce-
dure from a previous study [32]. First, a predetermined amount of liquid silicone rubber
was taken in a beaker, and then a known amount of different grades of nanofillers (Table 1)
were added to the liquid rubber. The mixture was then stirred for 10 min. After the
nanofiller–rubber mixing phase, 2 phr of the vulcanizing agent was added, and the final
rubber composite was poured into molds. The molds were manually pressed and left for
24 h for vulcanization at room temperature (25 ◦C). Finally, the samples (Scheme 1) were
removed from the molds and tested for various properties to assess their suitability for
industrial MRE applications.

Table 1. Fabrication of the different rubber composites.

Samples RTV-SR (phr) MWCNT (phr) MT-Clay (phr) EIP (phr) Vulcanizing Solution (phr)

Control 100 - - - 2

RTV-SR/MWCNT 100 1, 2, 3 - - 2

RTV-SR/MT-Clay 100 2, 4, 6, 8 2

RTV-SR/EIP 100 40, 60, 80, 100 2

RTV-SR/Hybrid * 100 1 4 35, 55, 75, 95 2

* The formulation of the filler loadings in the hybrid sample was based on their near-to-percolation value, at which
the properties are improved significantly and a dominating effect of the filler can be observed.
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3. Results and Discussion
3.1. Morphology of the Filler

It is well known that the morphology of nanofillers greatly affects the properties of
composites [33]. Fillers with small particle sizes and favorable shapes have better and more
uniform dispersion, leading to a greater impact on the composites [34]. Figure 1 illustrates
the morphology of the different nanofillers used as fillers in this study. The morphologies
range from one-dimensional (1D) MWCNT to 2D MT-Clay and 3D EIP. MWCNT has a
tube-shaped morphology, which allows for easy dispersion and formation of continuous
filler–filler contacts with a much lower MWCNT content in a rubber matrix. Furthermore,
its high surface area and small particle size provide a large interfacial area, allowing more
polymer chains to adsorb to its surface [35]. MT-Clay has a sheet-like morphology, making
it easy to disperse in the rubber matrix. It is considered a nanofiller since its particle size
is in the nanometer range. Both MWCNT and MT-Clay are ideal fillers and significantly
improve composite properties in small amounts in the rubber matrix. Lastly, EIP has an
irregular morphology and large particle size, likely in the micrometer range. Due to its
large particle size, it has relatively poor reinforcing abilities in lower amounts and is thus
used in higher amounts to achieve optimal reinforcement in a composite.
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3.2. Filler Dispersion in SR Matrix Using Optical and SEM Micrographs

The dispersion of filler in composites is known to affect their properties [36]. A
uniform filler dispersion leads to improved overall properties, while composites with
poorly dispersed filler have poorer properties [37]. Therefore, this study investigates
filler dispersion using optical microscopy and reports its correlation with mechanical
properties. The presented optical micrographs in Figure 2 show good filler dispersion for
all fillers except for MT-Clay and the hybrid filler. Figure 2a displays the micrographs of the
control sample without any filler [38], indicating the absence of filler. Figure 2b shows the
uniform dispersion of the MWCNT filler in the rubber matrix, and filler-rich zones with no
aggregation are observed, justifying the promotion of MWCNT-based composites as having
better properties. Similarly, Figure 2d shows the optical micrographs of the EIP-filled rubber
matrix, showing the uniform dispersion of EIP particles and their correlation with improved
mechanical properties such as modulus. As reported earlier, Figure 2c,d shows the optical
micrographs of the MT-Clay and hybrid composites, respectively. The images also show
improved filler dispersion, as in other filled composites, but few filler aggregates or filler-
rich zones are reported [39]. The optical micrographs alone do not provide convincing
evidence for studying filler dispersion, particularly due to the lack of high-resolution
information about the fillers. As a result, filler dispersion was further analyzed using
SEM microscopy at both lower and higher resolutions. Figure 2f–h displays SEM images
of the control sample at different resolutions, where the absence of filler particles with a
smooth surface can be seen. Figure 2i–k shows SEM images of MWCNT-filled composites,
where the low-resolution images indicate an increase in the roughness of the rubber matrix.
Moreover, at a higher resolution, the CNTs can be seen protruding out from the rubber
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matrix. Figure 2l–n displays SEM micrographs for MT-Clay-filled composites, where both
lower and higher-resolution images show the presence of filler aggregates, supporting the
conclusion that these composites have poorer mechanical properties. Next, Figure 2o–q
exhibits the dispersion of EIP particles in rubber composites, where micron-sized EIP
particles were uniformly dispersed. Furthermore, the high-resolution image shows good
adhesion between the EIP and rubber particles. Finally, the study of hybrid fillers is
presented in Figure 2r–t, where the different filler particles are uniformly dispersed in the
composite, resulting in better properties in the hybrid composites.
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3.3. Mechanical Properties of Rubber Nanocomposites under Compressive Strain

The mechanical properties of composites depend on various parameters, such as the
type of filler, the type of polymer matrix, and the type of applied strain during testing [40,41].
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Certain mechanical properties, such as stretchability and stiffness, play an important role
in prospective applications, such as flexible electronics [42]. The stress–strain curves under
compressive strain from 0–35% are shown in Figure 3a–d. The maximum compressive
strain of 35% was chosen due to the fracture of the cylindrical sample after 35% compressive
strain. The stress–strain behavior of different composites indicates that the stress increases
linearly up to 15% and then increases exponentially. This behavior is attributed to the
increase in packing fractions of the filler and rubber particles under higher compressive
strain [43]. Additionally, the stress increases in all composites with an increase in filler
content, which is attributed to improved filler networking, filler–filler, and rubber–filler
interactions [44,45].
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Figure 3. Mechanical properties under compressive strain: (a) stress–strain of MWCNT; (b) stress–
strain of MT-Clay, (c) stress–strain of EIP; (d) stress–strain of hybrid filler; (e) compressive modulus
of different composites under different loading conditions.

In Figure 3e, the impact of filler loading and filler type on compressive modulus is
illustrated. Firstly, the effect of different filler types on mechanical properties was examined.
It was observed that MWCNT, with its small particle size, high surface area, and high aspect
ratio, demonstrated a promising reinforcing effect on the silicone rubber matrix. These
MWCNT features, such as (a) the large aspect ratio, which helps to improve filler–filler
interconnection at a lower filler loading [46]; (b) small particle size and large surface area,
which provide a greater interfacial area for more rubber polymer chains to get adsorbed
onto the filler surface [47]; and (c) higher interfacial area, which allows improved stress
transfer at the polymer–filler interface [48]. It was also observed that MT-Clay provides a
medium level of reinforcement which is higher than EIP and much lower than MWCNT.
The poor reinforcement of EIP particles is due to their micron-sized particles and small
surface area, which translates to a lower interfacial area. All of these EIP qualities make it
an inferior source of reinforcement. Additionally, a higher amount of EIP filler is required
to obtain optimum reinforcement, which is an order of magnitude higher (40 phr) than that
of MWCNT (1 phr).
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3.4. Mechanical Properties under Tensile Strain

The effect of filler concentration and tensile strain on the mechanical properties was
investigated and is presented in Figure 4a–d. The stress–strain curves reveal that the
tensile stress increases with increasing strain until it reaches its maximum at the point
of failure. This behavior can be attributed to the re-orientation of filler–filler and filler–
polymer microstructures in the direction opposing the tensile strain, leading to an increase
in stiffness and, consequently, higher tensile stress.
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The reinforcing ability of the fillers is dependent on their type and concentration in
the rubber matrix [49,50]. Three types of fillers—MWCNT, EIP, and MT-Clay—were added
to the rubber matrix in a single and hybrid state. All three fillers and their hybrid showed
reinforcing abilities, with MWCNT being the most effective and EIP the least effective.
Notably, MT-Clay improved the tensile strength moderately but significantly improved
the fracture strain. However, due to the large particle size of EIP, a higher concentration is
required, which is much higher than that of MWCNT and MT-Clay.

Figure 4e,f demonstrates the impact of filler concentration on tensile strength and
fracture strain. MWCNT were found to be the most effective at reinforcing the rubber
matrix due to their favorable characteristics, such as their tube-shaped morphology [51]
These aspects aid in easy dispersion, a high aspect ratio that aids in forming robust filler–
filler interconnections at a lower filler content, and a high surface area that facilitates higher
interfacial interactions and leads to better properties [52–54]. Additionally, it is worth
noting that the hybrid filler exhibits more robust mechanical properties than the three fillers
used separately. Moreover, the hybrid filler displays a form of synergism in mechanical
properties, with the tensile strength and fracture strain of the filled composites being higher
in the hybrid filler than in MWCNT, MT-Clay, and EIP as single fillers. Therefore, it can be
concluded that the hybrid filler system should be preferred over the single fillers used in
this study.

3.5. Theoretical Modeling for Determining the Moduli of the MREs

The present study includes theoretical modeling to validate the experimental results
using existing theoretical models. The Guth–Gold Smallwood model [55] and Halpin–Tsai
theoretical model [56] are commonly used in literature for theoretical predictions, and their
predictions strongly depend on morphological aspects of the filler such as aspect ratio, as
well as the volume fraction of the filler [55,56]. The following equation was used for the
Guth–Gold Smallwood prediction:

E1 = Eo [(1 + 0.67 f1φ1)] (1)

E2 = Eo [(1 + 0.67 f2φ2] (2)

E3 = Eo [(1 + 0.67 f3φ3] (3)

E1+2+3 = Eo [(1 + 0.67 f1φ1) + (1 + 0.67 f2φ2) + (1 + 0.67 f3φ3)] × i (4)

E1, E2, E3, and E1+2+3 are the predicted theoretical moduli for MWCNT, MT-Clay, EIP,
and their hybrid filler system, respectively. Eo is the experimental modulus of unfilled
rubber. The f1, f2, and f3 are the aspect ratios of the fillers. The φ1, φ2, and φ3 are the volume
fractions of the fillers. Moreover, the “i” is the interactive factor among the respective fillers
in the hybrid system.

For the Halpin–Tsai theoretical model, the following equations are used—

E1 = Eo [(1 + 2 f1φ1)/(1-φ1) (5)

E2 = Eo [(1 + 2 f2φ2)/(1-φ2) (6)

E3 = Eo [(1 + 2 f3φ3)/(1-φ3) (7)

E1+2+3 = Eo [(1 + 2 f1φ1)/(1 − φ1) + (1 + 2 f2φ2)/(1 − φ2) + (1 + 2 f3φ3)/(1 − φ3)] × i (8)
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In this proposed theoretical model, the components have the same nomenclature as
described in the Guth–Gold Smallwood equation. Figure 5a–d indicates that both models
agree well with the experimental findings, further validating our results. However, in
Figure 5c, the experimental data only agree up to 60 phr of EIP and then deviate. This
behavior could be due to differences in assumptions made by the models, such as assuming
perfect interfacial bonding between the filler–polymer interface [57] and perfect filler
dispersion in the rubber matrix, which is difficult to achieve experimentally. Therefore,
there is a deviation between the experimental data and the theoretical models. Additionally,
it is worth noting that the hybrid filler system shows synergistic mechanical properties and
is therefore more advantageous than using single-filled systems in the composites.
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3.6. Experimental Deviation from Statistical Average in Hybrid Composites

The experimental behavior and its deviation from the theoretical values have been
well-studied in the literature [57,58]. In this work, we use a simple theoretical model based
on statistical averages to predict the mechanical properties of the hybrid composites [58].
The compressive behavior shown in Figure 6a can be derived from the following equation:

E1+2+3 = [0.1 × E1 + 0.4 × E2 + 1.5 × E3] × i (9)
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where “E1” is the theoretical modulus of MWCNT, “E2” is the theoretical modulus of
MT-Clay, and “E3” is the theoretical modulus of EIP-based composites. “E1+2+3” is the theo-
retical modulus for hybrid composites containing all three components. In this theoretical
model, the constants of 0.1 for 1 phr of MWCNT, 0.4 for 4 phr of MT-Clay, and 1.5 for 15
phr of EIP are related to the filler content in the sample and are used to predict mechanical
properties through statistical averages for hybrid composites [58]. The interactive factor “i”
considers the dispersion state and filler interactions in the composite. A low value of “i”
(i = 0.1) indicates poor filler dispersion and interactions, while a high value of “i” (i ≥ 0.9)
indicates good filler dispersion and interactions in the rubber matrix. For the determination
of the compressive modulus, the value of “i” was found to be in the range of 0.7 to 0.8. It
is worth noting that the literature has extensively studied experimental behavior and its
deviation from theoretical values [57,58].
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tensile reinforcing factor; (c) tensile strength; (d) fracture strain.

The determination of the tensile reinforcing factor can be derived from the following
equation—

R.F.1+2+3 = [0.1 × R.F.1 + 0.4 × R.F.2 + 1.5 × R.F.3] × i (10)

Here, “R.F.1+2+3” is the reinforcing factor for hybrid components. “R.F.1,” “R.F.2,” and
“R.F.3” are the reinforcing factors of the individual components. Moreover, the interacting
factor for determining theoretical R.F. was in the range of 0.5 to 0.8.

Similarly, the tensile strength in Figure 6c can be derived theoretically from the follow-
ing equation—

T.S.1+2+3 = 0.1 × T.S.1 + 0.4 × T.S.2 + 1.5 × T.S.3 × i (11)
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where “T.S.1+2+3” is the theoretical tensile strength of the hybrid system, while “T.S.1,”
“T.S.2,” and “T.S.3” are the tensile strength of the individual components. Moreover, the
interacting factor for determining the theoretical T.S. was in the range of 0.65 to 0.7.

Finally, the fracture strain in Figure 6d can be derived from the following equation—

F.S.1+2+3 = 0.1 × F.S.1 + 0.4 × F.S.2 + 1.5 × F.S.3 × i (12)

where “F.S.1+2+3” is the theoretical fracture strain of the hybrid system, while “F.S.1,” “F.S.2,”
and “F.S.3” are the fracture strain of the individual components. Moreover, the interacting
factor for determining the theoretical F.S. was around 0.5. From Figure 6a–d, it can be
hypothesized that the theoretical models fit well with the experimental findings and are
thus useful for further considerations in the literature.

3.7. Reinforcing Factor and Reinforcing Efficiency of the Fillers in MREs

Reinforcement via particulate filler in polymer composites is well documented [59]. It
is known that fillers with small particle sizes produce higher reinforcement, so studying the
reinforcing properties in rubber composites is important for understanding their mechanical
properties, such as stiffness, stretchability, tensile strength, and modulus [60,61]. This study
analyzed four categories of fillers with different concentrations for their reinforcing effect
and efficiency, which is presented in Figure 7. The reinforcing factor of the composites can
be calculated using the following equation:

R.F. =
EF
Eo

(13)
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Here, R.F. is the reinforcing factor, EF is the modulus of the filled composites, and
Eo is the modulus of the unfilled composites. As shown in Figure 7a,b, the R.F. strongly
depends on the type of filler. For example, MWCNT, with its small particle size and
higher aspect ratio, was found to be the most promising source of reinforcement in the
silicone rubber matrix. Other fillers such as MT-Clay provide medium reinforcement, while
EIP, with its large particle size, shows poor reinforcing ability and is thus used in very
high amounts compared to MWCNT to obtain optimum reinforcement [61]. Besides R.F.,
reinforcing efficiency (R.E.) is a significant parameter that affects the mechanical properties
of the composites. It is also interesting to note that the R.E. is directly correlated with the
concentration of the filler in the composites. The equation for calculating R.E. [62] is

R.E.at compressive strain =
σ(35%)filled − σ(35%)unfilled

wt% of filler
(14)

R.E.at tensile strain =
σ(80%)filled − σ(80%)unfilled

wt% of filler
(15)

where “σ” is the stress at a particular strain. The stress values used for calculating R.E.
were 35% and 80% for compressive and tensile strain tests, respectively, as obtained from
the stress–strain curves in Figures 3 and 4. Notably, MWCNT-based composites exhibited
superior R.E. compared to MT-Clay and EIP particles, which can be attributed to their high
aspect ratio, tube-shaped morphology, and higher interfacial area with the rubber matrix.
These factors allowed for easy dispersion and stronger reinforcement, as seen in Figure 7.

4. Applications
4.1. Energy Harvesting Applications for the MREs

Energy harvesting using eco-friendly composites is a promising area of study for
society. In this study, we fabricated an energy-harvesting device comprising conductive
copper electrodes sandwiched with different substrates. The energy generated was due to
the dielectric property of the elastomer used in the substrate against mechanical compres-
sive loading, which was kept constant at 30% for all samples [63]. Although piezoelectric
materials like PZT [64] or barium titanate [65] have shown promise for high-voltage gen-
eration, their use is limited due to their poisonous effects [65,66]. Recently, eco-friendly
composite-based energy harvesting has been reported [67].

Figure 8 shows the different energy harvesting output voltages for the different sub-
strates. From these measurements, we found that MWCNT-based substrates showed
the highest output voltage while EIP-based substrates showed the lowest among all the
substrates studied. However, the voltage stability was found to be less efficient in MWCNT-
based substrates than in all other materials studied. Therefore, in conclusion, MWCNT-
based substrates have higher voltage generation capabilities but the disadvantage of lower
voltage stability. In addition to the type of substrate, electrode area is a critical factor
affecting the output voltage. For instance, energy harvesting devices with larger electrode
surface areas produce higher output voltages than those with smaller ones. We will explore
this effect in our future work.

4.2. Magnetic Effect and Stress Relaxation Applications for the MREs

To magnetic sensitivity measured in this work has been optimized in our previous
studies [5]. Figure 9a displays the magneto-mechanical response of the composites during
the magnetic switching task. The measurements demonstrate that the compressive load
increases when a magnetic field of 100 mT is applied and returns to normal when the
magnetic field is turned off. This could be attributed to the orientation of EIP particles in the
direction of the applied magnetic field, thereby enhancing the stiffness of the composites [5].
The increase in stiffness is correlated with a rise in compressive load, as shown in Figure 9a.
These measurements establish that the composites containing magnetic fillers are sensitive
to exposure to a magnetic field, as claimed in the objective of this research. Additionally, it
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is worth noting that a hybrid-filled composite provides higher sensitivity than using EIP as
the only filler. Figure 9b shows the magnetic effect on the moduli of different composites.
The magnetic effect was found to be higher for the hybrid composite than for EIP as the only
filler. The higher magnetic sensitivity for the hybrid-filled composite could be attributed
to the synergistic effect [5] between the MWCNT–EIP fillers, leading to greater sensitivity.
Rubber composites reinforced with fillers often exhibit viscoelastic properties that affect
their stress relaxation behavior [68]. The effect of magnetic switching and the type of
mechanical reinforcement on stress relaxation in rubber composites is shown in Figure 9c.
The results indicate that stress relaxation is higher when the magnetic field is on and is
higher for hybrid composites than EIP-only-filled rubber composites. Additionally, the
stress relaxation rate, as shown in Figure 9d, is influenced by the type of filler and magnetic
switching. The stress relaxation rate is higher when the magnetic field is off and lower
when it is on for both EIP-only-filled and hybrid-filled composites. The poor reinforcing
and magnetic effect of EIP even at 60 phr filler content leads to a small change in magnetic
effect and stress relaxation in composites. Moreover, these experiments were performed
multiple times to make sure that the conclusions are convincing. Furthermore, hybrid-
filled composites exhibit higher stress relaxation rates than EIP-only-filled composites.
These results are consistent with the magnetic sensitivity tests shown in Figure 9a,b. The
addition of reinforcing fillers, such as MWCNT, improves damping properties in MREs [69].
Therefore, the hybrid filler is the best candidate for achieving improved magnetic sensitivity
and good damping in MREs.
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Abstract: Orally delivered probiotics must survive transit through harsh environments during
gastrointestinal (GI) digestion and be delivered and released into the target site. The aim of this
work was to evaluate the survivability and delivery of gel-encapsulated Lactobacillus rhamnosus GG
(LGG) to the colon. New hybrid symbiotic beads alginate/prebiotic pullulan/probiotic LGG were
obtained by the extrusion method. The average size of the developed beads was 3401 µm (wet),
921 µm (dry) and the bacterial titer was 109 CFU/g. The morphology of the beads was studied by a
scanning electron microscope, demonstrating the structure of the bacterial cellulose shell and loading
with probiotics. For the first time, we propose adding an enzymatic extract of feces to an artificial
colon fluid, which mimics the total hydrolytic activity of the intestinal microbiota. The beads can
be digested by fecalase with cellulase activity, indicating intestinal release. The encapsulation of
LGG significantly enhanced their viability under simulated GI conditions. However, the beads, in
combination with the prebiotic, provided greater protection of bacteria, enhancing their survival
and even increasing cell numbers in the capsules. These data suggest the promising prospects of
coencapsulation as an innovative delivery method based on the inclusion of probiotic bacteria in a
symbiotic matrix.

Keywords: coencapsulation; symbiotic beads; Lactobacillus rhamnosus GG; bacterial cellulose; pullulan;
simulated gastrointestinal conditions

1. Introduction

Microbial polysaccharides are becoming more and more attractive materials intended
for use in encapsulation technology: the inclusion of biologically active substances, en-
zymes, vitamins, and probiotics in the matrix [1,2].

Probiotics are usually used in the form of biologically-active food additives, or even
therapeutic drugs in the form of tablets, capsules, powders, and sachets. However, most
often, probiotics are used as part of functional foods. Both these and other forms are
applied orally and therefore enter the gastrointestinal (GI) tract, which they need to pass
through safely to reach the colon where they function. The most critical points on this
path are, first of all, the stomach, which has extreme pH values, and the upper parts of the
intestine, where bile acids and digestive enzymes are present [3]. From this point of view,
the microcapsule shell, serving as a physical barrier, protects the cells included in it and
is therefore an excellent means of delivering probiotics to the lower intestine [4,5]. Hence,
encapsulation ensures the viability of probiotics during their transportation to the place of
action in the human body without negatively affecting their physiological properties.

On the other hand, even inside the capsule, there is not always a high viability of
bacteria, which is one of the reasons for the low success of such protection of probiotics [6].
In this regard, in recent years, coencapsulation of a probiotic with a prebiotic has been
proposed as an additional method, leading to an increase in the survival of probiotics
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in capsules [7]. A prebiotic is defined as “a substrate that is selectively utilized by host
microorganisms, conferring a health benefit” [8]. The combination of a probiotic and a
prebiotic is called a synbiotic, and can have either non-specific or selective effects. In
the first case, a prebiotic is selected to enhance the local beneficial microbiota, i.e., it is a
“universal agent”. In the second case, the prebiotic is selected specifically to support the
growth of the selected probiotic, regardless of the beneficial effect on the population of
other bacteria. This particular method is used in the present study.

The model probiotic Lactobacillus rhamnosus GG (LGG) is one of the most extensively
studied lactobacilli strains with established positive effects on human health [9].

The second component of the developed system, which this study proposes to intro-
duce into the bead together with LGG, is a selective prebiotic. Evidence suggests that such
a “nutrient component” may be polysaccharide pullulan (PUL), a neutral linear polysaccha-
ride synthesized by Aureobasidium pullulans, consisting of α-1,6-linked maltotriose residues.
Since PUL has several hydroxyl groups, if necessary, it can be easily modified. PUL is able
not only to stimulate the growth of these bacteria in culture experiments but also increase
their viability during encapsulation [10–13].

It should also be mentioned that according to some data, prebiotics can be destroyed to
a certain extent in the small intestine [14]. Hence, prebiotics also need to be protected. With
this in mind, the first objective of this study was to coat the beads in a durable biopolymer
that is not directly subjected to enzymatic and physical destruction in the upper parts of the
digestive system. For this purpose, bacterial cellulose (BC), an indigestible polysaccharide,
also a product of microbial synthesis, was used. Since only cellulolytic bacteria live in the
colon, cellulose and its derivatives can be decomposed there [15].

The second objective was to determine the protective properties of beads with prebiotic
PUL coated with a cellulose shell as the proposed delivery system.

Human models are ideal for determining the functional effectiveness of beads; how-
ever, there are ethical limitations associated with this method. The closest to “intestinal
nature” is an in vitro dynamic model that more accurately simulates the sequential kinetic
conditions in the GI tract, including the active microbiota. To simulate the conditions of
the cecum, Maathuis et al. [16] added fecal samples, which were used as an inoculum in a
fed-batch fermenter. In our opinion, this is a rather complex system that requires hardware
design. We suggested that a simplified modification of this system could be created, in
which no intestinal microbes are added to the “intestinal fluid”, except an enzymatic extract
of feces. This is called “fecalase” and represents the enzymatic activity of intestinal microor-
ganisms [17]. The results of these studies can provide predictive tools for determining the
effectiveness of probiotic delivery systems in their ecological niche.

The purpose of this study was to create a symbiotic biopolymer capsule system,
Alginate-Pullulan/Bacterial cellulose (Alg-PUL/BC), for targeted probiotic delivery.

2. Materials and Methods
2.1. Bacteria and Growth Conditions

Lactobacillus rhamnosus GG (ATCC® 53103TM) strain was purchased from American
Type Culture Collection. LGG was incubated in MRS medium (HiMedia, Mumbai, India) at
37 ◦C for 48 h to obtain a cell concentration of 1010 CFU/mL. Then, the cells were collected
by a laboratory centrifuge RS-6MC (Dastan, Bishkek, Kyrgyzstan) (at 6000× g, for 15 min)
and washed twice with saline solution.

2.2. Preparation of BC

Komagataeibacter xylinus C3 strain was isolated at the Biotechnology department, Al-
Farabi Kazakh National University; the strain was deposited in the Republic Collection of
Microorganisms (Astana, Kazakhstan), with the Gen Bank accession number: KU598766.
Inoculum of K. xylinus (1%, v/v) was added to the flasks with Hestrin–Shramm broth
medium (Hi-Media, Mumbai, India) and incubated statically at 30 ◦C for 7 days. The
cultivated films were first purified by washing with deionized water, treating with 1%
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(w/v) NaOH at 35 ◦C for 24 h to remove microbial cells, and rinsed again with deionized
water. The obtained films were dissolved in an aqueous solution of NaOH–urea–H2O (w/v:
7%–12%–83%) at a low temperature (−12 ◦C) for 2 min.

2.3. Probiotics Encapsulation

Then, 10 mL of LGG cell culture (≈109–1010 CFU/mL) was carefully mixed with 40 mL
of a granule-forming suspension of 2% sodium alginate (Sigma-Aldrich, Taufkirchen, Ger-
many) (alginic acid sodium salt from brown algae, guluronic acid or glucuronic content
∼65–70%; mannuronic acid content ∼5–35%) solution. Beads were prepared by the extru-
sion method from a 10 mL plastic syringe through a 20-gauge needle (0.9 mm diameter)
into a beaker, at a distance of 25 cm, containing calcium chloride (Fisher Scientific Inc.,
Ottawa, ON, Canada) solution (1%, w/v) with gentle agitation at room temperature. Armed
MP-2003 syringe dispenser (Shanghai Leien Medical Equipment Co. Ltd., Shanghai, China)
was used for extrusion. The formed beads were left to harden for 30 min and then washed
with sterile distilled water.

To obtain Alg/BC samples, Alg beads were covered with an additional layer of
0.5–2% BC solution and incubated for 30–40 min on an orbital shaker incubator ES-20
(Biosan, Riga, Latvia) (130 rpm).

To obtain hybrid beads of PUL (Hayashibara Biochemical Laboratories, Okayama,
Japan) with BC, a mixture of Alg (2% solution) and PUL (1–2% solution) was first prepared
in a ratio of 1:1. 10 mL of probiotic culture was added to the resulting mixture at a cell
concentration of at least 1010 CFU/mL. The mixture was then stirred on a homogenizer
DG-360 (Stegler, Shanghai, China) at 3000 rpm for 30 min. The resulting mixture was
passed through a syringe needle into a sterile calcium chloride solution (1%, w/v). After,
the beads were kept in a solution of calcium chloride for 30 min for immobilization and
washed twice with distilled water. The obtained beads Alg + PUL were put into a 0.5% BC
solution, incubated on a shaker, and washed twice with sterile distilled water. The capsules
were stored in sterile vials at 4 ◦C and used in further experiments.

2.4. Scanning Electron Microscopy (SEM)

SEM micrographs were obtained using a scanning electron microscope (Quanta 3D
200i, Hillsboro, OR, USA). To obtain samples, the beads were freeze-dried on a Lyoquest-
80 lyophilizer (Telstar, Madrid, Spain). Dried samples were placed on strips of double-
sided carbon tape attached to aluminum loops. SEM of all samples was carried out at
the following parameters: accelerating voltage 15 kV; working distance ≈10 mm. All
measurements were carried out in a high vacuum mode of 10−3 Pa.

2.5. Mechanical Characterization

The Instron bursting machine (model 3365, Norwood, MA, USA) was used to deter-
mine the tensile strength (MPa) in uniaxial mode. Randomly selected beads were placed
on the lower platform of the bursting machine and subjected to pressure in the vertical
direction from top to bottom until the bead was destroyed. The upper platform with a flat
tip was connected to a force sensor, which, during compression, recorded the force values
acting on the beads. The mechanical properties of each sample were the average values
determined from fifty specimens.

2.6. Encapsulation Efficiency

The capsules containing LGG bacteria were decapsulated using cellulase from Trichoderma sp.
(Sigma-Aldrich, Taufkirchen, Germany). Cellulase solution was made by dissolving
50 mg/mL enzyme in deionized water. The samples were added to cellulase solution
(1:10), followed by shaking at 37 ◦C until bacteria were released from beads completely.
The viability of released cells was determined by plating serial dilutions of the resulting
suspension on MRS agar medium (Hi-Media, Mumbai, India). Colony-forming units were
counted after 72 h of incubation at 37 ◦C.
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The encapsulation efficiency (Ee) was determined by the equation:

Ee =
N × M

N0
× 100 (1)

where N is the number of viable cells released from 1 g of beads, M is the total mass of the
collected beads, and N0 is the number of free cells before treatment.

2.7. Survival of LGG in Simulated Gastric Fluid (SGF) and Simulated Duodenum Fluid (SDF)

SGF was prepared by dissolving pepsin in sodium chloride solution (0.2%, w/v) to
a final concentration of 3 g/L, and pH was adjusted to 2 with hydrochloric acid. SDF
was prepared by dissolving pancreatin in sodium chloride solution (0.2%, w/v) to a final
concentration of 1 g/L, with 4.5 g/L bile salts, and pH was adjusted to 6.8 with sodium
hydroxide. Both solutions were filtered for sterilization through a 0.45 µm membrane. All
reagents were purchased from Veld (Almaty, Kazakhstan).

The encapsulated samples (1 g) were placed in 10 mL of SGF. The tubes were incubated
on an orbital shaker incubator ES-20 (Biosan, Riga, Latvia) (150 rpm) at 37 ◦C for 1–2 h. The
samples were collected after 2 h in SGF, transferred into 10 mL of SDF, and incubated as
described above for SGF.

At the end of the incubation period, each sample (1 g) was removed and rinsed with
distilled water. The beads containing probiotic bacteria were disintegrated using cellulase.
Surviving bacteria were enumerated by pour plate counts in MRS agar incubated at 37 ◦C
for 72 h. The survival of probiotic LGG was presented as a number of viable cells (log
CFU/g). The following equation was used to calculate the survival rate % of encapsulated
bacteria cells.

Survival rate % =
log CFU/g after treatment
log CFU/g before treatment

× 100 (2)

For the free cells, 1 mL of LGG suspension was inoculated into 9 mL of SGF. After
incubation, 1 mL of suspension was collected and transferred into 9 mL of SDF solution.
The incubation conditions for free bacteria were the same as for beads. At the end of the
incubation period, the survival of free cells was determined in the way described above.

2.8. Preparation of Enzymatic Fecal Extracts (Fecalase) and Release of LGG into Simulated Colon
Fluid (SCF)

Enzymatic fecal extracts were prepared from feces collected from three healthy donors
on a regular diet (two females and one male, aged 22–30 years) who did not take pro-
or prebiotics and antibiotics for at least 3 months before fecal sample donation. The
fecal samples were suspended in 1 mL potassium phosphate buffer (0.01 M, pH 7.4) and
homogenized for 1.5 min using a Mini-Beadbeater (BioSpec, Bartlesville, OK, USA). The
suspension was centrifuged at 2000× g for 5 min using a Minispin centrifuge (Eppendorf,
Hamburg, Germany), followed by another centrifugation of supernatant at 10,000× g for
20 min. The supernatant (fecalase) extracted after the second centrifugation was filtered for
sterilization through a 0.45 µm membrane and used for the assay due to its ability to break
down the cellulose shell of the capsules and release its content into SCF.

After 2 h incubation in SDF, beads (1 g) were placed in 9 mL of SCF (0.2 g/L of
potassium chloride, 8 g/L of sodium chloride, 0.24 g/L of potassium phosphate monobasic,
1.44 g/L of sodium phosphate dibasic, pH 7.2). Then, 1 mL of fecalase was added to this
solution. The free bacteria were treated similarly. The tubes were incubated on an orbital
shaker incubator ES-20 (150 rpm) at 37 ◦C for 3–18 h. At the end of the incubation period, a
1 mL aliquot was removed and released bacteria were enumerated by pour plate counts in
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MRS agar incubated at 37 ◦C for 72 h. The following equation was used to calculate the
release rate % of bacteria cells.

Release rate % =
log CFU/g of released viable cells

log CFU/g before treatment
× 100 (3)

2.9. Statistical Analysis

All analyses were conducted in triplicate and the results were presented as mean ± standard
deviation unless otherwise stated. Data were analyzed using a one-way analysis of variance
(ANOVA) with the Tukey test. Statistical analyses were performed using SPSS software
(version 28.0, IBM Corp., Armonk, NY, USA). Significance was defined as p < 0.05.

3. Results and Discussion
3.1. Obtaining and Characterization of Probiotic Beads

Methods for encapsulating probiotics are very diverse and these techniques are well
described in several reviews [18,19]. The preference for one or another method depends
on the purpose of the study or the direction of application of the beads. The choice of
the extrusion method for capsules obtaining was due to the fact that it does not require
special expensive equipment, high temperatures, and the encapsulation efficiency is very
high [20]. This method consists of mixing a suspension of bacteria and a hydrocolloid
solution. Although PUL belongs to hydrocolloids, it is not capable of forming a gel [21], but
it can be added to a solution of sodium alginate to obtain hybrid beads by the subsequent
extrusion of a gel-forming agent (calcium chloride) through a nozzle into a solution. The
principle of using calcium chloride as a carrier is due to the fact that Ca2+ forms a cross-link
with guluronic acid, which is part of the Alg molecule, forming a G-G block. At the same
time, the “Egg-box” model gelation mechanism is activated; guluronic acid multimers are
“fixed” by ions, forming a pocket that balances negatively charged polymer chains [22].

Alg hydrogel can be called the “gold standard” for the encapsulation of probiotics
since it has mucoadhesive properties and imitates the polysaccharide matrix of enterocytes,
as well as the matrix of bacterial biofilms formed in the intestine by resident bacteria [23].
However, “simple” Alg capsules also have disadvantages: easy disintegration in an acidic
environment, under the action of chelating agents, monovalent ions, as well as too high
porosity, which can lead to rapid release of the active principle from the Alg gel [24].

To strengthen the Alg matrix, capsules are coated with additional and sometimes
several layers (layer-by-layer) of other natural polymers; chitosan, gelatin, pectin, starch,
and cellulose is also among them [13].

The design of the experiment for obtaining beads is shown in Figure 1.
The probiotic was included either in Alg alone or in Alg with PUL. Both versions of

the capsules were placed from the gelling agent solution into regenerated cellulose gel to
form an outer shell on the surface of the capsules.

Different ratios of polymers used may affect the properties of beads. The selection of
the optimal composition was evaluated according to the parameters presented in Table 1,
the key of which is mechanical strength. Since in a number of studies, the concentration of
2% Alg [25–27] is considered optimal, it was used for obtaining capsules by extrusion. The
concentrations of PUL and BC varied in the range of 0.5–2%.

The size of the capsules has an important influence on the viability of probiotics and the
sensory impact on food. There is an opinion that beads in the size range of 2000–5000 µm
provide an optimal balance between these two requirements [28]. In our study, the bead
size falls within this optimal range—3401 µm with PUL and 2820 µm without (Table 1).
Due to the presence of PUL, the viscosity of the internal phase of the primary emulsion
can increase, causing resistance to break down into smaller droplets and leading to an
increase in the size of capsules [11]. Nevertheless, the size and diameter of the capsules
almost coincided, i.e., no statistically significant differences (p > 0.05) were found between
these parameters.
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Figure 1. The scheme of beads with L. rhamnosus GG (LGG): (A) Alginate/Bacterial cellulose
(Alg/BC), (B) Alginate-Pullulan/Bacterial cellulose (Alg-PUL/BC).

Table 1. Encapsulation efficiency (Ee), size, and mechanical strength of probiotic beads.

Type
Concentration, g/100 mL

Ee, %
Size, µm Mechanical Strength,

MPaPUL BC Dry Wet

Alg, 2% - - 78.8 ± 3.88 801 ± 55.1 2550 ± 127.1 26.6 ± 0.62

Alg, 2% + BC
- 0.5 81.2 ± 4.01 897 ± 60.1 2820 ± 143.0 28.8 ± 0.83 *
- 1 80.2 ± 4.13 878 ± 59.9 2819 ± 140.1 26.9 ± 0.63
- 2 77.2 ± 3.89 871 ± 71.4 2815 ± 168.9 24.9 ± 0.55

Alg, 2% +
PUL/BC

1 0.5 88.3 ± 4.41 * 908 ± 61.1 * 3341 ± 233.4 * 36.8 ± 0.58 *
1 1 87.6 ± 4.33 * 903 ± 72.7 * 3367 ± 167.1 * 35.2 ± 0.68 *
1 2 87.1 ± 4.36 * 887 ± 97.3 3371 ± 235.9 * 35.8 ± 0.49 *
2 0.5 89.1 ± 4.47 * 921 ± 61.0 * 3401 ± 204.0 * 37.1 ± 0.77 *
2 1 87.8 ± 4.39 * 910 ± 85.4 * 3351 ± 134.4 * 34.1 ± 0.73 *
2 2 87.6 ± 4.33 * 820 ± 61.3 3373 ± 168.1 * 34.6 ± 0.69 *

Alg—alginate, BC—bacterial cellulose, PUL—pullulan; * differences between alginate and hybrid beads were
significant (p < 0.05).

The native beads obtained are translucent white spheres, and the dehydrated ones are
“crumpled” irregularly shaped particles. In appearance, both types of capsules almost did
not differ (Figure 2).
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Cellulose-coated Alg capsules have a higher mechanical strength. The improvement of
compressive strength is associated with good interfacial interaction between cellulose and
the matrix of Alg beads due to the structural similarity of these polysaccharides [29,30]. This
contributes to the formation of multiple hydrogen bonds at the interface between BC and
Alg, which leads to an increase in the strength of Alg capsules coated with cellulose [25].

However, capsules with PUL are even more rigid and strong. This may be due to
the filler PUL reinforcing the hydrogen network and filling the voids [31,32]. Strength is
a positive technological property, since fragile capsules are easily broken and destroyed,
creating problems during handling, storage, and further processing.

The Ee is one of the most important parameters showing the effect of the encapsulation
method, as well as the matrix of the core and the capsule wall on the “quantitative loading”
of bacterial cells into it. The titer of cells in Alg/BC and Alg-PUL/BC capsules reaches
109 CFU/g. This is a fairly high indicator for capsules obtained by extrusion [33]. The high
Ee obtained in our work indicates that the encapsulation process was adequate, and the
wall materials were compatible with the probiotic strain.

Thus, the optimal composition of Alg-based capsules: 2% Alg + 2% PUL, 2% Alg + 0.5% BC,
and 2% Alg + 2% PUL + 0.5% BC (Table 1).

The SEM study (Figure 3) demonstrated that bacteria was included in the matrix of
the capsules (in the core).
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The cellulose shell is also clearly visible. Moreover, it looks folded and dense and has a
multi-layered structure covering the core. The formation of such a dense shell is associated
with a unique three-dimensional BC network. The pore size is in a range that is insufficient
for the release of encapsulated probiotics into the environment. Therefore, such a shell
should be a strong framework to protect probiotics when passing through the digestive
system. An experiment confirming this is presented in the next section.

3.2. Survival of Free and Encapsulated Bacteria in SGF and SDF

Protecting probiotic cells from exposure to a low pH gastric environment, bile salts,
and hydrolytic enzymes is one of the primary objectives of encapsulation. Although
the ultimate model for determining the functional effectiveness of capsules is a human
organism, this “model” has ethical limitations. Therefore, in most such studies, an “artificial
GI tract” system is used, simulating the physicochemical conditions of the main parts of the
digestive system: stomach and the small and large intestines [11,12,31,34,35]. This is usually
a buffer in which the pH value characteristic of a particular department is maintained and
various digestive enzymes are added. In these departments, free and encapsulated cells are
kept for a certain time, after which their number is determined.

To determine the effect of encapsulation, studies were conducted on the comparative
survival of free and encapsulated LGG cells in SGF, SDF, and SCF, i.e., in the in vitro
system [36]. In general, the design of this series of experiments is shown in Figure 4.
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In the 1st stage, the encapsulated cells were sequentially incubated for 2 h in SGF, SDF,
and 18 h in SCF. The reason for this is to simulate the condition of the GI tract. To determine
cell survival count after sequential incubation, LGG-loaded capsules were submitted to the
decapsulation for cell survival count (2nd stage). According to some reports, capsules have
been decapsulated using citrate and phosphate buffers [37]. In studies, where cellulose was
a part of the encapsulation system, peptone water solution, phosphate buffer, and mixing
were used to decapsulate beads [31,34,35]. In our research, capsules have not been able to
disintegrate in these solutions. This could be due to the difference in the cellulose used.
The fibrous structure of BC provides excellent mechanical properties [38], which probably
made it impossible for capsules based on BC to disintegrate in citrate and phosphate
solutions. Cellulose is mainly degraded by the cellulase enzyme [39]. Thus, in our study, to
decapsulate the cellulose capsule shell, cellulase was used, followed by enumeration by
pour plate counts in a nutrient medium (3rd stage).

The effect of capsule coating on LGG protection against SGF was studied by comparing
the viability of free and coated cells over 1–2 h. They were incubated in SGF for 2 h because
food is usually in the stomach for this period [40]. The viability of free and coated cells in
SGF is shown in Figure 5.
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There was a noticeable decline in the viability of free probiotic cells in SGF at pH 2.
The viable cell count of free cells dropped sharply in the first hour and continued to decline
by 5.3 log units with a 43% survival rate. This is in agreement with other studies showing
that LGG is acid sensitive [41–45].

Encapsulation of LGG into Alg/BC and Alg-PUL/BC beads offered more significant
protection (p < 0.05). The viability of bacteria in beads based on BC exopolysaccharide was
reduced by 2.41 log units, which provides a 74% survival rate. However, using PUL/BC as
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coating materials enables higher protection against low pH: 94% of cells in such capsules
remained alive.

Studies where cellulose was a part of the encapsulation system demonstrated that
the survivability of bacteria cells was around 83–91% [31,34]. A decrease in cell titer after
incubation in SGF was also observed in capsules made of other polymers such as soy
protein isolate, poly-L-lysine, or isomalto-oligosaccharide [45,46].

By comparing the loss of bacterial viability in the presence of BC and PUL/BC, it was
found that the bacteria encapsulated with the prebiotic had a greater protective effect on
bacteria against acidic conditions in SGF. This is in agreement with the findings reported
by Çabuk et al. [11]. Their results demonstrated that probiotic cells were better protected
in the presence of combined wall material PUL/whey protein after exposure to stomach
conditions. PUL’s ability to block the pores in the BC network led to the protective effect of
the capsule. The large pores within a gel network led to a rapid release of encapsulated
bioactive substances within the GI tract [47,48]. A similar effect was observed by Iyer
et al. [49], who revealed that starch granules entrapped inside a Ca-alginate matrix might
stop acid diffusion into the capsules.

The next stage of the GI tract, in which there are also bacteria-damaging factors (bile
salts, hydrolytic enzymes of the pancreas), is the duodenum [3]. Capsules were extracted
from SGF and transferred into SDF, followed by further incubation (Figure 2).

The viable cell counts for free cells dropped by 0.64 log CFU/g after 2 h incubation.
According to other results, L. rhamnosus demonstrated strong bile resistance [50] and its
viability decreased by approximately 0.5 log CFU/mL after 90 min of exposure to ox
gall [51]. In contrast, Karu et al. [52] reported that the viability of LGG had reduced by
about 4 and 5 log units after treatment with bile.

In the case of Alg/BC-coated capsules, the number of probiotic cells fell from 6.88 to
6.42, which was not statistically significant (p > 0.05). There was only a slight decrease in
the viability of cells with Alg-PUL/BC coating by 0.31 log CFU/g after SDF incubation.
The probiotic survival decreased proportionally by the time the cells were subjected to
SGF and SDF solutions, which was in agreement with Morsy et al. [53], in which Alg
2% + anthocyanin 0.1% + whey protein 2% + PUL 2% + cocoa butter 1% were used as
the encapsulation materials of LGG. Encapsulated bacteria survival level in Alg/BC and
Alg-PUL/BC coatings after exposure to SDF for 2 h was 69% and 90%, respectively. In
comparison, in a study by Afzaal et al. [34], where cellulose and chitosan were used as wall
materials to encapsulate L. plantarum, the cell survivability reached 86% after exposure to
bile conditions.

Alg-PUL/BC demonstrated effective protection against the damage of the bile salt
solution. This can be explained by the reduced porosity and thicker structure that a double
layer offers, which can prevent bile from entering the blended network [54]. According
to Youssef et al. [55], the viability of L. salivarius encapsulated in Alg and coated with
carboxymethyl cellulose was higher than the probiotics encapsulated in Alg alone under
thermal treatment, storage, and simulated GI conditions. The combination of BC with
prebiotic PUL not only increased the viability of probiotic bacteria but facilitated the
formation of the integrated structure of beads. Capsules with larger size generally would
not undergo the same rate of matrix degradation as the smaller capsules resulting in
a longer release profile because they have a lower surface area to volume ratio [56,57].
According to these findings, Alg-PUL/BC beads retained more effectively under upper GI
tract conditions. As a result, it was expected that the beads would reach the colon where
they can exhibit their beneficial properties.

3.3. Release of LGG into SCF

In the traditional in vitro system simulating the colon conditions (pH 7.2 + electrolytes),
cellulose-coated capsules were almost not destroyed, since, as has already been shown,
cellulase treatment was needed for their destruction. It is well known that this enzyme
is traditionally present in special sections of the GI tract of ruminants and other animals
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that feed exclusively on plant foods [58]. However, cellulolytic microorganisms have been
found in human feces, in which all components of the microbial intestinal biofilm are
present [59]. In this regard, it was hypothesized that cellulase should be present in the
contents of the colon, namely in the enzyme fraction of feces: fecalase.

To detect cellulase activity, fecalase was placed in wells cut on agar with the substrate
1% carboxymethyl cellulose, which was then spilled with Congo red or Lugol solutions [60].
The presence of the enzyme was recorded by the appearance of hydrolysis zones, the
diameter of which averaged 23–26 mm, which indicated significant cellulase activity (data
not provided).

For the assay of the determination of encapsulated LGG release, beads were transferred
into SCF with fecalase at pH 7.2 and incubated for a further 18 h. The results are shown
in Figure 6.
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Figure 6. LGG release profile from beads into simulated colon fluid (SCF). All the samples were
sequentially immersed in simulated gastric fluid (SGF) and simulated duodenum fluid (SDF) for 4 h
before transferring into SCF.

Results indicated that cell counts of released bacteria increased with incubation ex-
posure time. The surface of the capsules initially swells, then their porosity increases [61].
This leads to the release of bacteria from the core of capsules, the cellulose shell of which
is gradually destroyed as the enzyme was exposed. Then, 60% (3.95 log CFU/g) of en-
capsulated probiotic bacteria from Alg/BC capsules were released after the first 3 h of
incubation in SCF, and within 15 h this process was completed, reaching viable cell numbers
of 6.18 log CFU/g. Then, the curve reached a plateau. The final number of viable cells
released from the BC beads was 0.24 log CFU/g lower than the number after exposure
to duodenum conditions (6.42 log CFU/g). The total loss of probiotic bacteria in Alg/BC
beads by the end of the simulated GI conditions was 3.11 log CFU/g, while in the free state,
only 103 CFU/mL cells reached the colon, i.e., the loss was 6 log units.
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Under the same experimental conditions (SCF + fecalase), after 15 h, the highest num-
ber of viable bacteria released from Alg-PUL/BC capsules was recorded: 10.3 log CFU/g.
It turned out that the number of cells in these capsules that reached the “terminal station”
not only did not decrease but even increased by a log unit compared to the initial value
(9.35 log CFU/g).

This phenomenon indicates that LGG in such a “container” not only survived under
the harsh conditions of the human GI tract but also retained its ability to produce biomass
inside the capsule. In its core, bacteria are distributed in the matrix of Alg and PUL,
which is an effective prebiotic, i.e., a source of selective nutrition for this strain. Thus,
coencapsulation of a probiotic with a suitable prebiotic and further coating with cellulose
significantly increased the survival of bacteria compared to the delivery system without
a prebiotic.

4. Conclusions

This study not only confirms that Alg-PUL/BC capsules can be used as a protective
carrier for probiotic bacteria but also demonstrates the prebiotic effect of adding PUL,
which leads to the reproduction of bacteria inside the capsule during intestinal transit. The
intestinal microbiota contains microorganisms degrading cellulose. The combination of
the peristaltic movement and the low amounts of cellulase presented in the lower GI tract
is the result of bacteria release. In the presence of gut enzymes, the coating material was
digested, resulting in the BC network’s collapse. The degradation of the network led to the
release of probiotic cells from the core. Delivery of the probiotic together with a nutrient
source, providing its high cell number, will allow it to compete with the local microbiota,
and, as a result, to colonize the colon, benefiting the host. Further research is needed on the
selection of bacterial strains and carrier matrices, as well as the development of appropriate
technologies that promote the survival of bacterial cells under other types of stress (heating,
freezing, osmotic and oxygen stress, drying, and storage).
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Abstract: This study aims to evaluate the physical properties of Cention N and various glass-ionomer-
based materials in vitro. The groups were obtained as follows: Group 1 (LC-Cent): light-cured
Cention N; Group 2 (SC-Cent): self-cured Cention N; Group 3 (COMP): composite (3M Universal
Restorative 200); Group 4 (DYRA): compomer (Dyract XP); Group 5 (LINER): Glass Liner; Group 6
(FUJI): FujiII LC Capsule; and Group 7 (NOVA): Nova Glass LC. For the microtensile bond strength
(µTBS) test, 21 extracted human molar teeth were used. The enamel of the teeth was removed, and
flat dentin surfaces were obtained. Materials were applied up to 3 mm, and sticks were obtained from
the teeth. Additionally, specimens were prepared, and their flexural strength and surface roughness
(Ra) were evaluated. Herein, data were recorded using SPSS 22.0, and the flexural strength, µTBS, and
Ra were statistically analyzed. According to the surface roughness tests, the highest Ra values were
observed in Group 6 (FUJI) (0.33 ± 0.1), whereas the lowest Ra values were observed in Group 2 (SC-
Cent) (0.17 ± 0.04) (p < 0.05). The flexural strengths of the materials were compared, and the highest
value was obtained in Group 2 (SC-Cent) (86.32 ± 15.37), whereas the lowest value was obtained in
Group 5 (LINER) (41.75 ± 10.05) (p < 0.05). When the µTBS of materials to teeth was evaluated, the
highest µTBS was observed in Group 3 (COMP) (16.50 ± 7.73) and Group 4 (DYRA) (16.36 ± 4.64),
whereas the lowest µTBS was found in Group 7 (NOVA) (9.88 ± 1.87) (p < 0.05). According to the
µTBS results of materials-to-materials bonding, both Group 2 (SC-Cent) and Group 1 (LC-Cent) made
the best bonding with Group 3 (COMP) (p < 0.05). It can be concluded that self-cured Cention N had
the highest flexural strength and lowest surface roughness of the seven materials tested. Although the
bond strength was statistically lower than conventional composites and compomers, it was similar
to resin-modified glass ionomer cements. Additionally, the best material-to-material bonding was
found between self-cured Cention N and conventional composites.

Keywords: Cention N; alkasite restorative; self-cured restorative; resin-modified glass ionomer
cement; microtensile bond strength

1. Introduction

Masticatory forces, oral environment, oral habits, and physical properties of dental
restorations play a crucial role in obtaining long-term restorations, and therefore, a healthy
tooth structure. Dental amalgam, which has excellent physical properties, has been used as
a dental restoration material for many years. However, it has many disadvantages, such as
poor esthetics, leakage, postoperative sensitivity, plaque accumulation, tooth coloration,
and difficulty in cavity preparation [1]. To overcome these disadvantages, various dental
restorative materials are being developed. For example, composite resins are widely used
by dental professionals. Nevertheless, they can cause many clinical problems, such as
polymerization shrinkage, marginal leakage and discoloration, excessive surface loss, side
effects due to monomer release, and bacterial adhesion [2,3].
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Glass ionomer cements are also frequently preferred restorative materials in dentistry.
Physicochemical bonding to enamel and dentin, biocompatibility with dental tissues,
fluoride ion release properties, and low thermal expansion coefficients similar to tooth
structure are its positive features. However, conventional glass ionomer cements also
have negative properties, such as being affected by moisture, having an opaque color, low
flexural strength, and high surface roughness. To overcome these negative properties,
polymerizable resin-based glass ionomer materials have been developed. Thus, the setting
time of glass ionomer cements is shortened, early moisture sensitivity is reduced, and better
mechanical properties are exhibited [4].

Cention N, known as alkasite, was introduced as a new resin-based material containing
alkacid fillers, such as fluoride, calcium, and hydroxide ions, to neutralize acids [5–7]. This
material, which comprises powder and liquid phases, can be polymerized both by itself
and by light after mixing the powder and liquid phases. The self-curing process is based on
an initiator system consisting of a copper salt, a peroxide, and a thiocarbamide. The liquid
part of Cention N contains hydroperoxide, and the standard filler in the powder part of
the product is coated with the other initiator components. The copper salt accelerates the
curing reaction. Additionally, Cention N contains the photoinitiator Ivocerin® and an acyl
phosphine oxide initiator for optional light-curing, with a dental polymerization unit [8].
It is a restorative material based on urethane dimethacrylate (UDMA), which allows it to
polymerize with light upon request, and it can also polymerize by itself. It is radio-opaque
and contains alkaline glass fillers that can release fluoride, calcium, and hydroxide ions.
Cention N is relatively more affordable and easier to use than the restorative materials
available on the market [9]. Chole et al. [10] reported in their study that the flexural strength
of Cention N is higher than that of light-cured composite resin and resin-modified glass
ionomer. Due to the limited information available in the literature about Cention N more
researches are needed on the use of this restoration material, particularly in primary teeth.

Physical properties are important factors for dental materials and also for restorative
material selection in dental treatments. Since there are few studies about Cention N,
this study aimed to compare the physical properties of Cention N with different glass-
ionomer-based resin materials and a conventional composite. As Cention N is marketed as
a posterior restorative, another aim of this study was to evaluate bonding strength when
Cention N was used as a base material.

The null hypotheses tested were that (a) no difference exists between all restorative
materials tested in terms of surface roughness, flexural strength, and microtensile bond
strength, and that (b) no difference exists between the LC-CENT and SC-CENT bonding
strength to other materials tested.

2. Materials and Methods

Ethical approval was obtained from the Clinical Research Ethics Committee of Sivas
Cumhuriyet University (2020-01/42). Informed consent was obtained from all the patients
for the collection of extracted teeth and their use in the in vitro study.

Our study consisted of 3 parts according to test methods (surface roughness test,
flexural strength test, and microtensile bond strength (µTBS) test). The sample for each
subgroup consisted of 10 specimens, and the power analysis revealed p = 0.90145 (α = 0.01,
β = 0.10, 1 − β = 0.90).

Seven experimental groups were obtained in this study as follows:
Group 1 (LC-Cent): light-cured Cention N (Ivoclar Vivadent, Schaan, Liechtenstein);
Group 2 (SC-Cent): self-cured Cention N (IvoclarVivadent, Schaan, Liechtenstein);
Group 3 (COMP): 3M Universal Restorative 200 (3M ESPE, St Paul, MN 55144, USA);
Group 4 (DYRA): Dyract XP (Dentsply, Konstanz, Germany);
Group 5 (LINER): Glass Liner (Willmann & Pein GmbH, Barmstedt, Germany);
Group 6 (FUJI): Fuji II LC Capsule (GC, Tokyo, Japan);
Group7 (NOVA): Nova Glass LC. (Imicryl, Konya, Türkiye)
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The technical profiles and compositions of dental restorative materials are listed in
Table 1.

Table 1. The technical profiles, codes, and compositions of the dental restorative materials.

Materials Code Composition Manufacturer LOT Number

Universal
Restorative 200 COMP Bis-GMA, Bis-EMA, UDMA,

silica/zirconia, Filler 60% (volume)
3M ESPE, St Paul, MN

55144, USA NA06972

Dyract XP DYRA

UDMA, TCB resin, TEGDMA,
trimethacrylate resin. 73 wt%

Strontiumalumino-sodium-fluoro-
phosphor-silicate

Dentsply, Konstanz,
Germany 2003000720

Nova Glass LC NOVA

Powder: Floro Alumino Silicate
Glass, Pigments

Liquid: Composite m resins 25–27%
(Hema, dimethacrylates),

Catalists, Stabilisators

Imicryl, Konya, Türkiye 20031

Fuji II LC Capsule FUJI
2-hydroxyethyl methacrylate,

Polyacrylic acid, and water. 58 wt%
Fluoro-aluminumsilicate

GC, Tokyo, Japan 1908281

Glass Liner LINER

Glasionomerpulver,
1,6-Hexandioldimethacrylate,

Bisphenol-A-bis
(hydroxypropylmethacrylat),

Isomere,
4-tert.-Butyl-N,N-dimethylaniline,

Campherchinon

Willmann & Pein GmbH,
Barmstedt, Germany 187576

Cention N CENT

Powder: Barium aluminum silicate
glass, ytterbium trifluoride, isofiller,

calcium barium aluminum
fluorosilicate glass, and calcium

fluorosilicate glass
Liquid: Urethane dimethacrylate,

tricyclodecane dimethanol
dimethacrylate, tetramethyl-xylylen

diurethane dimethacrylate,
polyethylene glycol

400 dimethacrylate, Ivocerin, and
hydroxyperoxide

Ivoclar Vivadent, Schaan,
Liechtenstein Z0054T

AdperTM Easy
One

2 HEMA, Bis-GMA, Methacrylated
85010 phosphoric esters, 1,6
hexaneddiol dimethacrylate,
Methacrylate functionalized
polyalkenoic acid (vitrebond

copolymer), dispersed bonbed silica
fillers 7 nm, ethanol, water,

camphorquinone, stabilizers.
pH = 2.4

3M ESPE, Seefeld, Germany 6744628

2.1. Surface Roughness Tests

Ten specimens were prepared for each group in a Teflon plastic mold (diameter and
thickness of 8 and 2 mm, respectively). For each specimen, a plastic mold was placed
on flat glass, and materials were applied by a single investigator (A.K.) according to the
manufacturer’s instructions. The excess material was removed using a mylar matrix strip.
Except for the self-cured Cention N group, all the specimens were light-cured for 20 s with
a power of 1200 mW/cm2 using a second-generation LED device (Elipar S10 TM, 3M ESPE,
St Paul, MN, USA) following the manufacturer’s instructions. The light-curing device was
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positioned centrally 1 mm above the specimens. The light intensity was verified using a
radiometer (Demetron LC, Kerr, Brea, CA, USA). The self-cured Cention N specimens were
allowed to polymerize for 24 h in a dark chamber.

After the materials were polymerized, all the specimens were tested using a profilome-
ter (Mitutoyo, Surftest SJ-301, Kawasaki, Japan). For each specimen, three measurements at
randomly [11] different locations, with a cut-off length of 25 µm and 2 mm tracing length,
and the average Ra values were recorded and analyzed using the SPSS program.

Scanning electron microscopy (SEM) images were taken from randomly chosen speci-
mens from all groups. The specimens were coated with gold (Quorum Q150R ES, Quorum
Technologies, Lewes, UK) and evaluated using SEM (Tescan MIRA3 XMU, Brno, Czech
Republic). The entire sample surface was scanned and photographed at a magnification of
2000× with an accelerating voltage of 15 kV.

2.2. Flexural Strength

Ten specimens were prepared in a stainless-steel mold (2 × 2 × 25 mm3) for each
experimental group. Materials were applied by a single investigator (A.K.) according to the
manufacturer’s instructions and light-cured with an LED device (Elipar S10 TM, 3M ESPE,
St Paul, MN, USA) as in the surface roughness test. Self-cured Cention N was removed
from the mold after 24 h. The specimens were tested using a universal testing machine
(LF Plus, LLOYD Instruments, Ametek, Inc., Bognor Regis, UK) with a crosshead speed of
0.5 mm/min, and the data were recorded using the SPSS program.

2.3. Microtensile Bond Strength (µTBS)

Twenty-one freshly extracted human third molars were used. The teeth were stored
in saline solution at 4 ◦C and used within 1 month. All the root surfaces were cleaned to
remove organic debris and deposits. One-third of the coronal teeth were removed using an
Isomet low-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA). A stereomicroscope
was used to check the absence of enamel and pulp tissue on the resultant substrate. After
grinding the residual occlusal enamel on wet #180 grit SiC paper, flat dentin surfaces were
exposed. The exposed dentin surfaces were further polished with wet #600 grit SiC paper
for 60 s to standardize the smear layer. Self-etch adhesive (AdperTM Easy One, 3M ESPE,
Seefeld, Germany) was applied according to the manufacturer’s instructions.

The prepared tooth samples were divided into seven groups randomly. Materials
were applied by a single investigator (A.K.) according to the manufacturer’s instructions.
Dental restorative materials (up to 3 mm) were applied to the teeth with the help of a
stainless-steel mold, and to standardize the application pressure, a 2 mm thick and 420 g
circular glass slice was placed on top of the composite applied samples [12]. Afterward, in
Group 1, 3–7 samples were light-cured immediately, and Group 2 samples waited in a dark
chamber for self-polymerization. Polymerized samples were embedded in acrylic blocks.
Samples of µTBS tests were prepared following the ISO/TS 11405:2015 guideline. Each
tooth was sectioned in the x and y directions with a slow-speed saw under water cooling,
and 10 square-shaped (1 × 1 mm2) sticks were obtained for each group (n = 10). Failed
samples while obtaining the specimens before the µTBS test were not included in this study.
The distribution of the failed samples per each group was as follows: Group 1=5, Group
2=4, Group 3=6, Group 4=5 Group 5=5, Group 6=6, and Group 7=4. A total of 10 obtained
sticks per each group and a total of 70 sticks for 7 groups were stored in distilled water for
24 h and then fixed to a microtensile device with cyanoacrylate adhesive plus an accelerator
(404 Super Cyanoplast, 404 Kimya, İstanbul, Turkey). The specimens were stressed under
tension until failure using a microtensile testing machine (LF Plus, LLOYD Instruments,
Ametek Inc., Bognor Regis, UK) with a crosshead speed of 0.5 mm/min; µTBS values were
calculated and expressed in megapascals (MPa).

Additionally, microtensile tests were conducted to see the relationship with other
materials in the use of Cention N as a base material. In this step, 4 × 4 × 4 mm3 cubes were
obtained, and all materials (from Groups 3 to 7) were restored on Group 1 and Group 2
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samples with 4 × 4 × 4 mm3 dimensions. After obtaining 4 × 4 × 8 mm3 specimens, they
were embedded in acrylic blocks. The specimens were sectioned perpendicularly to the
bonding surface in the x and y directions with a low-speed saw under water cooling, and
10 sticks (1 × 1 × 8 mm3) were obtained for each group. The sticks were stressed in tension
until failure using a microtensile testing machine.

2.4. Statistical Analysis

The data were processed using SPSS for Windows (version 22.0; SPSS Inc., Chicago, IL,
USA). The mean and standard deviation of the flexural and µTBS and surface roughness
was calculated for each group. Kolmogorov–Smirnov and Shapiro–Wilk tests were used
to investigate the normality of data. Since the distribution of the data was normal, it was
decided to use parametric tests. The physical properties of the dental restorations (flexural
and microtensile bond strength and surface roughness) were analyzed using one-way
ANOVA, and multiple comparisons were performed using Tukey’s post hoc test. Statistical
significance was set at p < 0.05.

3. Results

When the Ra values were compared, the highest value was observed in Group 6,
whereas the lowest value was observed in Group 2. A statistically significant difference
was observed between the Ra values of the materials (p ≤ 0.05). The main Ra values and
double comparisons of the materials are listed in Table 2. In addition, SEM photographs
obtained at 2000× magnification from the surfaces of the materials are shown in Figure 1.

Table 2. Surface roughness and flexural strength values of the dental restorative materials.

Materials Mean ± Standard Deviation
(µm)

Mean ± Standard Deviation
(MPa)

Group 1 (LC-CENT) 0.27 ± 0.04 a 58.17 ± 8.38 a

Group 2 (SC-CENT) 0.17 ± 0.04 b 86.32 ± 15.37 b

Group 3 (COMP) 0.18 ± 0.06 b 83.78 ± 16.65 b

Group 4 (DYRA) 0.22 ± 0.1 b 61.21 ± 9.82 a

Group 5 (LINER) 0.18 ± 0.07 b 41.75 ± 10.05 c

Group 6 (FUJI) 0.33 ± 0.1 c 48.17 ± 6.24 d

Group 7 (NOVA) 0.26 ± 0.07 a 57.83 ± 22.98 a,d

In each column, groups with the different lowercase superscripts are significantly different (p < 0.05).

When the flexural strength values of the materials were compared, the highest value
was observed in Group 2, whereas the lowest value was observed in Group 5. A statistically
significant difference was observed between the flexural strength values of the materials
(p ≤ 0.05). The main flexural strength values and double comparisons of the materials are
listed in Table 2.

A statistically significant difference was found between the µTBS values of the materi-
als to dentin bonding (p ≤ 0.05). When µTBS test values were compared, the highest values
were observed in Group 3 and Group 4, while the lowest was found in Group 7. The mean
µTBS test values of the materials and their comparisons are presented in Table 3.
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Figure 1. The SEM photographs obtained at 2000× magnification from the surfaces of the dental
restorative materials. Group 1 (LC-Cent), Group 2 (SC-Cent), Group 3 (COMP), Group 4 (DYRA),
Group 5 (LINER), Group 6 (FUJI), and Group 7 (NOVA).
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Table 3. The microtensile bond strength (µTBS) values for each dental restorative material with teeth.

Materials Mean ± Standard Deviation (MPa)

Group 1 (LC-CENT) 13.25 ± 4.4 B

F = 2.873
p = 0.015 *

Group 2 (SC-CENT) 12.50 ± 5.05 B

Group 3 (COMP) 16.50 ± 7.73 A

Group 4 (DYRA) 16.36 ± 4.64 A

Group 5 (LINER) 11.98 ± 5.01 B

Group 6 (FUJI) 11.17 ± 3.0 B

Group 7 (NOVA) 9.88 ± 1.87 C

The different uppercase letters represent the difference in the columns. * p < 0.05 was accepted as the signifi-
cance level.

When comparing the bond strength of other restorative materials to Group 1 (LC-
CENT), Group 3 (COMP) bonding to LC-CENT showed the highest µTBS values, and
Group 6 (FUJI) and Group 7 (NOVA) bonding to LC-CENT showed the lowest µTBS values
(p < 0.05). No statistically significant difference was found between the µTBS values to
LC-CENT material between Group 5 (LINER) and Group 4 (DYRA).

The µTBS values between the SC-CENT material and all other materials were found
to be higher than those between the LC-CENT material and all the other materials. When
comparing the bond strength of other restorative materials to SC-CENT, the highest µTBS
values were found in Group 3 (COMP) bonding to SC-CENT, while Group 6 (FUJI) bond-
ing to SC-CENT showed the lowest µTBS values (p < 0.05). There was no statistically
significant difference between Group 4 (DYRA), Group 5 (LINER), Group 6 (FUJI), and
Group 7 (NOVA) to SC-CENT bonding (p > 0.05). The main µTBS values between the
dental restorative materials and self and light-cured Cention N materials, and their double
comparisons are shown in Table 4.

Table 4. Microtensile bond strength (µTBS) values of dental restorative materials bonding to light
and self-cured Cention N specimens.

Materials
Group 1 (LC-CENT) Group 2 (SC-CENT)

Mean ± Standard Deviation (MPa) p Values

Group 3 (COMP) 20.00 ± 3.09 a 23.69 ± 6.68 a p = 0.131

Group 4 (DYRA) 17.23 ± 2.53 a,b 20.09 ± 5.59 a,b p = 0.156

Group 5 (LINER) 15.24 ± 2.20 b,c 17.39 ± 2.94 a,b p = 0.081

Group 6 (FUJI) 11.52 ± 2.65 c 16.26 ± 5.09 b p = 0.018 *

Group 7 (NOVA) 12.79 ± 4.99 c 21.72 ± 3.95 a,b p = 0.001 *
* In each column, groups with the different lowercase superscripts are significantly different (p < 0.05).

4. Discussion

Both null hypotheses were rejected. The surface roughness, flexural strength, and
µTBS values of the tested materials were found to be different. In addition, the bond
strength of LC-CENT and SC-CENT to other tested restorative materials was found to be
different.

4.1. Surface Roughness

Surface roughness is an important feature affecting biofilm formation in dental materi-
als. Bacterial adhesion occurs over time with the formation of biofilms on dental surfaces.
The number of microorganisms adhering to the restorative material depends on different
factors, such as surface roughness, the hydrophobicity of the material surface, matrix type,
electrostatic forces, material composition, filler size, and the configuration of fillers [13].
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The surface roughness of dental restorative materials can be affected by internal factors,
such as differences in the size, shape, volume, and distribution of inorganic fillers, as well as
external factors, such as medications and liquids to which the materials are exposed [14–16].
As the filler size of the materials increases, the vertical surface roughness increases [17]. In
addition, the inadequate polymerization of the materials may affect the average surface
roughness values of dental restorative materials. In a previous study, the surface roughness
value of the self-cured form of the glass ionomer material was lower than that of the light-
cured form [18,19]. However, there was no statistically significant difference between the
groups polymerized using different methods. Similarly, in the present study, the self-cured
form of Cention N was smoother than the light-cured form [13].

Various methods can be used to polish the surfaces of dental restorative materials.
The smoothest surface can be obtained using mylar strip bands [20,21]; therefore, in the
present study, mylar strips were used to obtain a flat surface [22]. Setty et al. [23] compared
composites’ and Cention’s surface roughnesses and found that the composites showed
better results than light-cured cement. According to the results of this study, self-curing
Cention and composites showed lower values, but light-cured Cention showed higher
values than those reported by Setty et al. [23] In addition, acceptable Ra values should
be less than 0.2 µm [24], and both self-cured Cention and composite showed this result.
Further, self-cured Cention showed lower Ra values than light-cured Cention, probably
because self-cured Centions are being cured slowly and for a long time period.

4.2. Flexural Strength

Flexural strength tests are important because they measure occlusal forces in the
oral cavity. In this study, the flexural strengths of composite resin and self-cured Cention
were 83.78 and 86.32 MPa, respectively. According to the International Organization for
Standardization (ISO) 4049 standards, these are acceptable values [3,7,10,24]

Mishra et al. [5] tested the flexural strength of a composite, Cention N, GIC, and
amalgam, and found that the best results were obtained for the composite. Kiran et al. [25]
tested the mechanical properties of Cention N and type IX GIC, and Cention N showed
higher flexural strength than type IX GIC. They suggested that this result was due to
the filler content and monomers used in the materials. Sadananda et al. [7] compared
the flexural strengths of Cention N, Fuji IX, Ketac-Molar, and Zirconomer and found
that Cention N showed the highest flexural strength, whereas Fuji IX showed the lowest
flexural strength. Panpisut et al. [6] tested two resin-modified GICs, Cention N, and a
composite, and found that the composite displayed the highest flexural strength in the
composite group, followed by that of Cention N, Fuji II, and Riva LC. The results were
similar to those of the present study, and Cention N displayed higher results than Fuji
II and other GICs. Chole et al. [10] tested the flexural strength of Cention N, a bulk-fill
composite, nanocomposite, and resin-modified GIC. In their study, Cention N showed the
highest flexural strength, whereas resin-modified GIC showed the lowest flexural strength,
which is in accordance with the results of the proposed study. The authors attributed
this highest flexural strength to the material’s content and UDMA, and we agree with
these authors [5–7,10,25]. Light-cured Cention N showed statistically lower results than
self-cured Cention N, probably due to the light-cured Cention N’s fast curing with LEDs.

4.3. Microtensile Bond Strength

µTBS has been used in several studies and is one of the most standardized and
versatile bond strength tests. In this study, the materials were tested in two parts. One is to
test bonding materials to teeth, and the other is bonding materials to another restorative
material to test if Cention N could be used as a base material.

In this study, the composite (16.5 MPa) and compomer (16.36 MPa) materials showed
higher µTBS values than the self-cured Cention N (12.5 MPa) and light-cured (13.25 MPa)
Cention N; however, Cention N showed higher values than the other GIC groups. Yao et al. [26]
tested the µTBS of Cention N, a bulk-fill composite, and Fuji II LC, and found the highest
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scores with Cention N, and the results were similar to those of this study. Both Cention
N groups showed higher results than Fuji II LC. Naz et al. [27] tested the shear bond
strength of composite and Cention N, and the highest results were shown by Cention N.
Similarly, Eligeti et al. [28,29] reported that Cention N restorative material showed better
bonding potential to dentin compared to the bonding potentials of resin-modified GIC,
Zirconomer-enhanced, and Ketac-Molar. In microtensile or shear bond strength tests, many
factors affect the results, such as tooth age, depth of dentine, dentine tubules, moisture,
materials, and test conditions. In this study, Cention N showed lower µTBS values than
the composite and compomer when compared to those obtained in other studies, and the
possible explanation for this could be the conditions listed above. Cention N showed higher
µTBS values than Group 5, Group 6, and Group 7, suggesting that Cention N has a high
polymer network density and good bonding ability to dentin. This may also be explained
by the fact that alkasites do not contain Bis-GMA, HEMA, or TEGDMA. UDMA was the
main component of the monomer sequence. A combination of UDMA, DCP, aromatic
and aliphatic UDMA, and PEG–400 DMA provides enhanced mechanical properties and
good long-term stability during polymerization. PEG–400 DMA is a monomer liquid that
increases the fluidity of the material, and its hydrophilic character supports the ability of
the material to wet the substrate (enamel and dentin) and adapt to the smear layer [30].

To the best of our knowledge, this is the first study to use Cention N as a base material.
Self-cured Cention N showed higher results than light-cured Cention N when bonded with
other materials, and it was significantly different when bonded with Nova and Fuji II LC.
This can primarily be attributed to the fact that while Cention N is self-curing, it provides
stronger bond strengths.

Butera et al. [31] showed calcium and phosphorus ions’ deposition on the surfaces
of bulk-filled polymeric composite resins in the oral environment after one month of
daily oral hygiene application with a toothpaste containing microRepair® (Zn-carbonate
hydroxyapatite). Since Cention N is an ion-releasing restorative material, it may be a
future goal to investigate whether the use of biomimetic hydroxyapatite will be effective
in increasing ion deposition in this restorative material and reducing the incidence of
secondary caries.

This study has some limitations. Firstly, only one material was used in the self-cure
mode, which may have the potential effect to decrease the generalizability of findings.
Further studies should examine the effect of different types of self-cured restorative ma-
terials. Another limitation was that this study was carried out under in vitro conditions.
However, in the clinical use of this restorative material, the presence of saliva in the oral
environment, visibility problems, transport of the material into the cavity, variable mixing
rates, difficulties in the proximal cavities, and the need to complete the restoration in a short
time may reduce the performance of this restorative material in oral conditions. In this
context, there is a need for long-term clinical studies to evaluate the clinical performance of
this material. Within the limitations of this study, Cention N showed superior results in
all three tests when compared to conventional and resin-modified glass ionomer cements
in in vitro conditions. Additionally, self-cured Cention N showed enhanced results when
compared to those shown by light-cured Cention N.

5. Conclusions

Although self-cured Cention N had promising results with the highest flexural strength
and lowest surface roughness of the seven materials tested, bond strength to dentin values
were statistically lower than conventional composites and compomers, displaying similar
strengths to resin-modified glass ionomer cements. These findings make the use of this
material as a permanent restorative material questionable. However, considering that
the best material–material bond in the present study is between self-cured Cention N
and conventional composites, and when the ion-release (F−, OH− and Ca2+) feature to
induce the incidence of secondary caries of this material is taken into account, it can be
considered that Cention N may be more suitable for use as a base material under composite

74



Polymers 2023, 15, 650

materials. Further in vivo and in vitro studies are necessary to validate these findings.
Because Cention N is a newly developed material, the present study is one of the few
studies that investigate the mechanical properties of this material.
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Abstract: In this study, a series of three-point bending tests were carried out with notched beam
structures made of polyvinyl alcohol (PVA) fiber-reinforced ultra-high-performance concrete (UHPC)
to study the effect of volume fractions of PVA fibers on the fracture characteristics of the UHPC-PVAs.
Furthermore, in order to meet the increasing demand for time- and cost-saving design methods related
to research and design experimentation for the UHPC structures, a relevant hybrid finite element and
extended bond-based peridynamic numerical modeling approach is proposed to numerically analyze
the fracture behaviors of the UHPC-PVA structures in 3D. In the proposed method, the random
distribution of the fibers is considered according to their corresponding volume fractions. The
predicted peak values of the applied force agree well with the experimental results, which validates
the effectiveness and accuracy of the present method. Both the experimental and numerical results
indicate that, increasing the PVA fiber volume fraction, the strength of the produced UHPC-PVAs
will increase approximately linearly.

Keywords: ultra-high-performance concretes; polyvinyl alcohol fiber; fiber volume fraction; three-
point bending test; extended peridynamics; finite element method

1. Introduction

Ultra-high performance concrete (UHPC) has developed as one of the most promis-
ing types of concrete in the last 25 years. This vanguard product presents both ultra-
high compressive strength and remarkable durability, such as compressive strength of
150–200 MPa [1,2]. The superior performance is achieved by maximizing the packing
density with very fine minerals and reactive powders. Unlike the steel bars in the rein-
forced concrete, the complicated design of the reinforcement layout is not necessary for
UHPC elements.

It is generally accepted that the mechanical properties of UHPC can be remarkably
improved with various types of fibers. The fibers made of steel, glass, polymer (such as PVA,
PVC, PE), carbon, etc., mixed with high strength cement mortar could make the produced
composites present quite different mechanical behaviours in the loading situation [3]. The
performance is much influenced by a few parameters, e.g., the volume fraction and fiber
distribution. Many authors have pointed out that steel fiber orientation can be influenced
by flow patterns of mixture, rheological performance of mixture, casting methods, wall
effect of formworks, extrusion of mixture and external electromagnetic field. Folgar [4]
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revealed that the distribution of steel fibers can be affected by the plastic viscosity and
gradient of flow velocity of fresh mixture. Zhou and Uchida [5] reported that casting UHPC
at the center of a slab with 1.2 m diameter can result in significant difference in steel fiber
orientation value between the edge and center regions of the slab. Each of these factors
could be eliminated or reduced in PVA fiber-reinforced UHPC (UHPC-PVA) material. The
PVA fibers tend to develop very strong chemical bonding force with cement due to the
presence of the hydroxyl group in its molecular chains [6], which causes the material to
have more isotropic behaviour than other types of fiber-reinforced UHPCs. Although the
PVA fiber reinforcement can increase the fracture toughness of concrete, there are still
workability problems [7] to solve; an alcohol-based shrinkage reducing agent (ASRA) was
first made by the authors, as reported in [8,9], with the ice-replaced mixing procedure in
the production of UHPC and UHPC-PVA materials to reduce the shrinkage behavior and
improve the workability.

As a fiber-reinforced composite material, it is essential to test the mechanical perfor-
mance of the UHPC-PVA materials and the fracture behavior of the UHPC-PVA structures
before applying a new type of UHPC-PVA to practical engineering [10,11]. Testing is
the most commonly used method for revealing the mechanical properties of plain and
fiber-reinforced concretes and studying their failure behaviors [12–14]. As reported by
Yoo et al. [15], at low fiber volume fractions (Vf 6 1.0%), the twisted fibers provide the
highest flexural strength, but they exhibit similar strength and poorer toughness than the
straight fibers at a Vf equal to or higher than 1.5%. The three-point bending test on the
notched beam structures is another alternative to study the mechanical performance of
UHPC-PVA structures under flexure loading [9,11]. Critical stress intensity factor, tensile
strength and fracture energy can be estimated from the test results [16,17]. Although the
test method is visual and useful, it has its limitation in consuming a lot of material resources
and time.

In addition to experiments, numerical simulation is another effective and cost-saving
method to analyze the fracture mechanisms of the fiber-reinforced structures and to evaluate
their mechanical properties. In recent decades, numerical studies have been carried on the
fracture characteristics of plain and fiber-reinforced concrete. Most researchers used the
general finite element (FE) software with some modifications to analyze the beams and
slabs made of fiber-reinforced concretes. The earliest numerical study can be found in [18],
where the authors reported the simulation techniques and input parameters required to
accurately simulate the strengthened concrete structures. In [19], researchers also developed
a meso-scale FE model to predict the de-bonding process in fiber-reinforced concrete using
a fixed angle crack model. Chen et al. [20] investigated the effects of various modeling
assumptions on the interfaces between concrete, steel fiber reinforcement and shear stirrups.
These authors also stressed the importance of modeling the fibers’ random distribution
in the composite concrete to achieve good correlation with the measured experimental
results. However, these models were only applicable in the simulations of two dimensional
problems. In [21,22], ABAQUS, a general commercial FEA software, is used to perform
3D simulation of the failure of the fiber-reinforced UHPC structures under compression,
flexural and tension loading by using the built-in concrete plasticity damage (CDP) model.
In general, the existing relevant numerical studies did not present any techniques or
recommendations to describe the crack growth process in fiber-reinforced concretes [23–25].

Peridynamics (PD), first proposed by Silling in 2000 [26], is a newborn non-local
numerical theory, where integro-differential equations are used to describe the mechanical
behavior of continuous media and discontinuities can be considered without singularities.
As the earliest version of peridynamics, the bond-based peridynamics (BB-PD) theory
defines the interaction by pairwise forces acting along the deformed bond, which has a
limitation on the Poisson’s ration of 1/3 for plane stress and 1/4 for plane strain and 3D
problems. Then, state-based peridynamic models were introduced, including ordinary
and non-ordinary versions (OSB-PD and NOSB-PD), to simulate the materials with any
Poisson’s ratio [27–29]. In recent years, PD-based computational methods have been widely
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used to investigate the toughening mechanisms of innovative materials [30–33]. Some
relevant applications of PD-based tools to study the fracture mechanism of fiber-reinforced
concretes can be found in [9,34–41]. However, in the existing literature, the fracture analysis
on the fiber-reinforced concrete structures is only considered in plane stress or plane strain
conditions. In addition, due to its natural non-locality, the PD-based models share the
shortcoming of higher computing costs than those based on the local theory. To improve
the computational efficiency and make use of the flexibilities of the PD approach in the
simulation of fracture problems, coupling to the local models, such as the FE model [42–47],
has become a popular and convenient choice.

The mechanical properties and fracture characteristics of the UHPCs and UHPC-PVAs
produced following the manufacturing procedure reported in [8,9] have been investigated
with the experimental and numerical tools. However, the cases with different PVA fiber
volume fractions were not considered in the authors’ previous works. In this paper,
referring to [9], the three-point bending test is used to evaluate the fracture properties of the
UHPC-PVA materials. Different PVA fiber volume fractions are considered to investigate
the influence on the fracture process of the UHPC-PVA structures. To comprehensively
analyze the fracture behaviors of the UHPC-PVAs, a 3D hybrid FE/PD modeling approach
was developed. Different from that in [9], an extended bond-based peridynamic (XBB-PD)
model [29,48] equipped with an energy-based failure criterion was adopted to overcome
the limitation on the Poisson ratio of the classical BB-PD model.

The main contributions of this article with regard to numerical modeling are as follows:

• The XBB-PD model is adopted to describe the deformation and fracture behaviors of
UHPC-PVA structures without the limitation on the Poisson ratio;

• The PD model is coupled to the FE model to decrease the overall computational costs
and maintains its flexibility in simulating crack problems;

• The discrete-level modeling procedure of the UHPC-PVA materials and structures is
illustrated in detail;

• Three-dimensional simulations are carried out and the numerical results are compared
to the experimental results.

In addition to that, the experimental and numerical results will explain how the
strength of the UHPC-PVAs changes in cases with different volume fractions of PVA fibers.
The study is a supplement to those of [8,9]. The numerical modeling approach introduced
in this paper is more advanced and capable of simulating 3D crack initialization and
propagation with better computational efficiency.

2. Experimental Program
2.1. Preparation of the UHPC-PVA Materials

This study focuses on the effects of the volume fractions of the PVA fiber on the
fracture properties of the UHPC-PVA structures and materials. The UHPCs were prepared
following the same recipe as in [9]. As listed in Table 1, the main ingredients are as fol-
lows: ASTM Type-II Portland cement, sand (approximately 1000–1500 µm in diameter),
fine quartz sand (approximately 150–500 µm in diameter), EBS-S silica fume (approxi-
mately 0.1–0.5 µm in diameter), Sika polycarboxylate superplasticizer (water reducing
ratio ≥ 30%), sodium laurylsulfate and polyoxyethylene nonylphenolether compounded
with alcohol-based shrinkage reducing agent (ASRA, weight ratio of 2%). Alcohol was
used as a solvent to combine two additives (sodium laurylsulfate and polyoxyethylene
nonylphenolether), which can reduce the existence of macro-pores in the hardening ma-
trix [8]. More information on the ingredients can be found in [8,9]. Four cases with different
volume fractions of the PVA fiber (Vf ), 0.5%, 1%, 1.5% and 2%, were considered to produce
the UHPC-PVA materials.

79



Polymers 2023, 15, 501

Table 1. Mixing ratios of main ingredients used in the production of the UHPC-PVA materials.

Items Mixing Ratio

Cement 1
Sand 1

Quartz sand 0.3
Silica fume 0.25

Polycarboxylate Superplasticizer 2.5%
Shrinkage reducing agent 2%

Water 0.2
Ice cube 0.02

A strict procedure described in [9] was carried out in the production of the UHPC-PVA
materials:

• Step 1: Mix the cement, quartz sand, manufactured sand and silica fume with a
prescribed mixing ratio;

• Step 2: Add ice cube and 10% water with superplasticizer and ASRA and mix for
3 min;

• Step 3: Add the remaining 90% water (mixed with PVA fibers) and process the mixture
unceasingly until smooth;

• Step 4: Pour the mixture into a selected mould and vibrate for 3 min on a vibrating
table;

• Step 5: Cure the specimens at room temperature for 48 h before demoulding and then
cure them in a fast curing box in hot water at 90◦C for an additional 72 h.

In the mixing operation, the PVA fibers were mixed with water and then gradually
added. Due to the excellent hydrophilicity, the PVA fibers can be uniformly dispersed into
the hardened matrix.

2.2. Test Procedure

In this study, a series of three-point bending tests are carried out with a notched beam
specimen to evaluate the fracture properties of the produced UHPC-PVA materials. The
geometry of the beam specimen and loading conditions of the test is presented in Figure 1.
The cuboid specimens were produced through the designed moulds with a size of 160 mm
× 40 mm × 40 mm (length × width × thickness) and then cut into the designed beam
specimens with a size of 160 mm × 40mm × 20mm (length × width × thickness). The
notches, with geometric parameters of Cl = 0 mm, 20 mm and 40 mm, were fabricated
by numerically controlled machine tools. All the produced notched beam specimens are
shown in Figure 2a–d. As found in [8,9], the produced UHPCs and UHPC-PVAs have
outstanding stable performance. Therefore, for the sake of saving material, we will use
only one specimen in each case and a total of twelve specimens shown in Figure 2 will be
involved in the experimental study.

100mm

4
0
m

m

160mm

Thickness:20mm

2mm

1
8

m
m

V=2 10-4mm/s

Cl

 

Figure 1. Geometry of the notched beam specimen and the loading conditions of the test.
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(a) Vf = 0.5% (b) Vf = 1%

(c) Vf = 1.5% (d) Vf = 2%

Figure 2. Photos of the notched UHPC-PVA beam specimens used for the three-point bending test.

The tests were carried out on a electromechanical compression testing machine
(WAW1000) shown in Figure 3a. The loading conditions are described as in Figures 1 and 3a.
The loading head forces the upper center of the beam specimens to gradually move
downward at a rate of ∆v = 2× 10−4 mm/s until the crack propagates and penetrates
the specimens.

(a) (b)

Figure 3. The mechanical testing system and the loading head for the three-point bending test.
(a) Mechanical testing system, (b) Loading head for three-point bending test.
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3. Numerical Model

In this section, a 3D hybrid finite element method (FEM) and extended bond-based
peridynamic (XBB-PD) [29,48] modeling approach is introduced and applied to the numeri-
cal fracture analysis of UHPC-PVA materials and structures. Firstly, the governing equa-
tions of the local continuum model and the XBB-PD model are summarized. Subsequently,
the model discretization and numerical implementation, including the discrete-level mod-
eling procedure for the UHPC-PVAs, are described in detail.

3.1. Summary of the Mechanical Models
3.1.1. Governing Equations of the Local Continuum Model

In the classical continuum mechanics, the equation of motion can be expressed as:

ρü = ∇ · σ + b (1)

where ü is the acceleration and σ is the stress tensor, b is the external force density. Under
the assumption of small deformation, the stress tensor can be obtained as:

σ = C : ε (2)

where C is the elasticity tensor, ε is the strain tensor. Considering the definition of strains, if
the components of the continuous displacement field in the x, y and z directions are defined
as u, v and w, respectively, the strain components can be given as:

{
ε11 = ∂u

∂x ; ε22 = ∂v
∂y ; ε33 = ∂w

∂z
ε21 = ε12 = ∂v

∂x + ∂u
∂y ; ε32 = ε23 = ∂w

∂y + ∂v
∂z ; ε31 = ε13 = ∂w

∂x + ∂u
∂z

(3)

3.1.2. Extended Bond-Based Peridynamic Model

As shown in Figure 4, a body B, marked as B0 and Bt in the initial and deformed
configurations, governed by the PD model, is usually seen to be composed of a series of
material points. We can assume that x is a point in B interacting with all the other points
over a prescribed domain Hx. If point x′ is a point within the domain Hx, the relative
position of x′ to x in the initial configuration can be described as:

ξ = x′ − x (4)

B0

Bt

x

x'

x'

x

y

0

x'

x

x

x

x'

Figure 4. Schematic diagram of the extended bond-based peridynamic model.

Then, Hx, the so-called neighbourhood, is usually a sphere space in 3D and a circle
surface in 2D, which can be described as a radius of length δ (the horizon radius) and
mathematically defined as:
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Hx = H(x, δ) = {‖ξ‖ ≤ δ : x′ ∈ B} (5)

where ‖·‖ denotes the Euclidean norm.
In the deformed configuration, the points x and x′ will be displaced by u and u′,

respectively. Consequently, the relative displacement vector between the two points can be
given as:

η = u′ − u (6)

and therefore the relative position vector in the deformed configuration can be given as
ξ + η.

In the extended bond-based PD theory, the equation of motion at point x can be
expressed as:

ρü(x, t) =
∫

Hx
f (η, ξ, t)dVx′ + b(x, t) (7)

where ρ is the mass density, ü(x, t) is the acceleration of point x at time instant t, dVx′ is the
mass volume associated with point x′, b(x, t) is the body force density to point x applied by
the external loads. f (η, ξ, t) is the pairwise force density exerted to point x by the deformed
bond, containing two contributions from the longitudinal and tangential deformations (see
Figure 4), which can be expressed by [48]:

f (η, ξ, t) = c`(η, ξ, t)n + κγ(η, ξ, t) (8)

where c and κ are the normal and tangential micro moduli of the bond, `(η, ξ, t) and γ(η, ξ, t)
are the longitudinal and tangential deformations of the bond. n is the unit directional vector
along the deformed bond and its formulae can be given as:

n =
η+ ξ

‖η+ ξ‖ (9)

The expressions of the normal and tangential micro moduli can be obtained from
a comparison with the strain energy of local continuum mechanics for homogeneous
deformation [29]. Their expressions in terms of the elastic constants of Young’s modulus E
and Poisson’s ratio ν of the material can be obtained by:

{
c = 6E

πδ4(1−2ν)

κ = 6E(1−4v)
πδ4(1+ν)(1−2ν)

(10)

Referring to [29,48], based on the Cauchy–Born criterion, the relationships between
the local deformations of the bond and the macroscopic strain can be constructed as:

` = n · ε · n (11)

and
γ = n · ε · (I − n⊗ n) (12)

where ε is the strain tensor and I is the second order unit tensor.
Furthermore, the longitudinal deformation can also be formulated based on the geo-

metrical analyses [29]:

` =
1
ξ

η · n (13)

which is more efficient than Equation (11) and in this paper this formulae will be used to
evaluate the longitudinal deformation.

To describe the material failure and crack propagation, a bond failure criterion is
essential for the PD models. The critical bond-stretch criterion is the first introduced and
most commonly used criterion to judge the bond breakage in the classical bond-based and
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state-based PD simulations. However, there are two deformation components in the micro-
constitutive law and a failure criterion associated only with the bond stretch (longitudinal
deformation) will not be able to reflect the effect of the tangential deformation on the failure
behaviours. Thus, inspired by [49], an energy-based failure criterion will be adopted for
the XBB-PD model to simulate the fracture problems.

The strain energy density stored in the deformed bond ξ can be computed by:

w(ξ) = w(`, γ) =
1
2

c`2ξ +
1
2

κγ · γξ (14)

Following the derivations in [48,49], the critical strain energy density of the bond can
be given as:

wc =
4Gc

πδ4 (15)

which means that the bond will be broken when its strain energy density w(ξ) becomes
greater than wc and accordingly, a scalar variable is defined to indicate the connection state
of the bond [50,51]:

%(ξ) =

{
1 , if w(ξ) < wc
0 , otherwise

(16)

Consequently, the damage level at point x can be defined as:

ϕx = 1−
∫
Hx

%(ξ)dVx′∫
Hx

dVx′
(17)

where ϕx ∈ [0, 1] and the cracks are usually identified wherever ϕx > 0.5.

3.2. Discretization and Numerical Implementation

To obtain an acceptable numerical solution, a suitable discretization process is neces-
sary. This section will introduce the numerical discretization of the FE and PD equations
and their coupled modeling strategy for the UHPC-PVA materials and structures. In order
to obtained a quasi-static solution of the coupled model and compare with the experimental
observations, the adaptive dynamic relaxation algorithm is also briefly summarized.

3.2.1. FEM Discretization of the Governing Equations Based on Local Theory

The Galerkin finite element method [52] is adopted here to discretize the governing
equations of the continuum mechanical model. The FE equation of motion can be written
as the following matrix form:

MFEMÜ + KFEMU = F (18)

where MFEM and KFEM are the mass and stiffness matrices of the FE domain. Given the
shape function Nu for the displacement, the stiffness matrices in Equation (18) can be
obtained by:

MFEM =
∫

Ω
NT

u ρNudΩ (19)

and
KFEM =

∫

Ω
(LNu)

T D(LNu)dΩ (20)

in which L is the differential operator defined as:
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L =




∂
∂x 0 0
0 ∂

∂y 0
0 0 ∂

∂z
∂

∂y
∂

∂x 0
0 ∂

∂z
∂

∂y
∂
∂z 0 ∂

∂x




(21)

and D is the elastic matrix given as:

D =
E(1− v)

(1 + v)(1− 2v)




1 v
1−v

v
1−v 0 0 0

v
1−v 1 v

1−v 0 0 0
v

1−v
v

1−v 1 0 0 0
0 0 0 1−2v

2(1−v) 0 0
0 0 0 0 1−2v

2(1−v) 0
0 0 0 0 0 1−2v

2(1−v)




(22)

where E and ν are the Young’s modulus and Poisson’s ratio of the material.

3.2.2. Discretization of the XBB-PD Equations

After discretization, the spatial integrals in the XBB-PD equations will be written into
forms of summation over nodes in the neighbourhood. Then, the equation of motion of
node xi at time t will be:

ρüt
i =

NHi

∑
j=1

f t
(

ξij

)
Vj + bt

i (23)

where NHi is the number of family nodes in xi’s horizon. xj represents xi’s family node and

Vj is its volume. bt
i is the body force density of node xi. f t

(
ξij

)
is the internal force density

exerted to node xi via the deformed bond ξij, which can be computed by:

f t
(

ξij

)
=
[

f ij

]
=
[

f `ij
]
+
[

f γ
ij

]
= c`ij

[
nij
]
+ κ
[
γij

]
(24)

in which `ij and
[
γij

]
are the longitudinal and tangential deformation components of the

bond ξij and
[
nij
]

is the longitudinal unit vector. The two vectors can be defined as:

[
nij
]
= [n1 n2 n3]

T and
[
γij

]
= [γ1 γ2 γ3]

T (25)

if the displacement vectors of nodes xi and xj are given as [U i] =
[
U1

i U2
i U3

i
]T and

[U j] =
[
U1

j U2
j U3

j

]T
. According to Equation (13), the stretch (longitudinal deformation)

of the bond ξij can be obtained by:

`ij =
[
C`

ij

][ U i
U j

]
(26)

where
[
C`

ij

]
can be given as:

[
C`

ij

]
=

1
ξij

[
−n1 −n2 −n3 n1 n2 n3

]
(27)
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Marking the strains at nodes xi and xj as [εi] and [εj], they can be written in vector
forms as:

[εi] =
[
ε1

i ε2
i ε3

i ε12
i ε13

i ε23
i
]T and [εj] =

[
ε1

j ε2
j ε3

j ε12
j ε13

j ε23
j

]T
, (28)

respectively.
According to Equation (12), the tangential deformation vector of the bond ξij can be

obtained by: [
γij

]
=
[
Cγ

ij

][
εij
]

(29)

where
[
Cγ

ij

]
is given as:

[
Cγ

ij

]
=




n1 − n3
1 −n1n2

2 −n1n2
3 n2 − 2n2

1n2 n3 − 2n2
1n3 −2n1n2n3

−n2
1n2 n2 − n3

2 −n2n2
3 n1 − 2n1n2

2 −2n1n2n3 n3 − 2n2
2n3

−n2
1n3 −n2

2n3 n3 − n3
3 −2n1n2n3 n1 − 2n1n2

3 n2 − 2n2n2
3


 (30)

and
[
εij
]

is the average strain of the bond ξij defined as:

[εij] =
[εi] + [εj]

2
(31)

Based on the above notions, the PD force density exerted to node xi by the bond ξij
can be obtained by:

[
f ij

]
= c
[
nij
][

C`
ij

][ U i
U j

]
+

1
2

κ
[

Cγ
ij Cγ

ij

][ εi
εj

]
(32)

Consequently, the equations of motion of the XBB-PD model can be assembled and
written in the following matrix form:

MPDÜ + cN`C`U + κCγE = F (33)

where MPD is the diagonal mass matrix, N`, C` and Cγ are matrices assembled from the
matrices of Equations (25), (27) and (30). Ü, U, E and F are the acceleration, displacement,
strain and force vectors of the nodes, respectively.

As described in Equation (3), the strain components are the spatial partial derivatives
of the displacement field. In the PD framework, the peridynamic differential operator
(PDDO) proposed in [53] can be used to evaluate derivatives. Referring to [48], the global
relationship between the displacement field and the strain field can be written in the
following form:

E = GU (34)

where G is the non-local strain coefficient matrix [48].
Therefore, substitution of Equation (34) into Equation (33) converts the PD equations

of motion into the following concise form:

MPDÜ + KPDU = F (35)

where KPD = cN`C` + κCγG is the assembled stiffness matrix of the XBB-PD model.

3.2.3. Hybrid FEM and PD Modelling Approach for the UHPC-PVA Materials
and Structures

The approach introduced in [9] is adopted here to model the UHPC-PVA materials
and structures, where the interaction between the PVA fibers and the matrix is considered
in the discrete level. The hybrid FEM/PD modeling procedure of UHPC-PVA materials
and structures is described in Figure 5.
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As shown in Figure 5a, the beam specimen is divided into FE and PD domains. Then,
the hybrid model will be generated according to the following steps:

• Step 1: Discretize the FE and PD domains by using the FE mesh and PD grid with the
same grid size; see Figure 5b;

• Step 2: Generate the PD bonds connecting all the FE and PD nodes; see Figure 5c;
• Step 3: Randomly select a certain number of bonds and set their parameters as the

mechanical parameters of the PVA material; then, the rest are the matrix bonds with
the mechanical parameters of the UHPC materials. The obtained model is shown in
Figure 5d. The ratio of the total length of fiber bonds to the total length of all bonds,
which is called the global numerical volume fraction of PVA fibers (Vg

f ), is approxi-
mately equal to the volume fraction of fibers in the modeled UHPC-PVA material;

• Step 4: Determine the final FE/PD model, as shown in Figure 5e, where the reinforce-
ment at the FE and coupling elements is considered based on the local numerical
volume fraction of PVA fibers (V l

f ).

The global numerical volume fraction of PVA fibers can be calculated by:

Vg
f =

Nn
∑

i=1

N f
i

∑
j=1

∥∥∥ξij

∥∥∥

Nn
∑

i=1

Ni
∑

j=1

∥∥∥ξij

∥∥∥
(36)

where Nn is the number of nodes in the discrete model; NHi is the number of xi’s family

nodes, while N f
i is the number of xi’s family nodes connected by the fiber bonds. Conse-

quently, the local numerical volume fraction of PVA fibers at node xi can be obtained by:

V li
f =

N f
i

∑
j=1

∥∥∥ξij

∥∥∥

Ni
∑

j=1

∥∥∥ξij

∥∥∥
(37)

Given the V l
f value at each node, the reinforcement of the PVA fibers on the UHPC

matrix will be expressed by:

Pi = Pm(1−V li
f ) + Pf V li

f (38)

where Pi represents the mechanical parameters at node i; Pm and Pf are the parameters of
the UHPC and PVA materials, respectively. Therefore, the reinforcement of the PVA fibers
on the matrix will be considered in the calculation of the elastic matrix of Equation (22).

The system matrix of the hybrid FEM and PD model can be expressed by:

MCoupÜ + KCoupU = F (39)

Note that, instead of the formation in Equation (19), the mass density matrix of the FE
domain will use a diagonal form to maintain consistency with the PD domain.

3.2.4. Quasi-Static Solution Algorithm

The adaptive dynamic relaxation (ADR) algorithm was first proposed by Underwood
in [54] to obtain the quasi-static solutions of non-linear problems. Later in [45,55–57], the
ADR algorithm was successfully applied to solve the static or quasi-static solutions of
PD models.
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Figure 5. The diagrammatic sketch for the illustration of the hybrid FE/PD modeling procedure of
the UHPC-PVA structures. Note that the size of the grid does not represent the real one used in the
simulations. (a) Modelling schematic of a beam specimen; (b) Step 1: the hybrid FE/PD discretization;
(c) Step 2: PD bond connections for all nodes; (d) Step 3: random selection of fiber bonds; (e) Step 4:
the complete hybrid FE/PD model.

In accordance with our experience in [9], the tests described above adopted a quasi-
static loading process. Therefore, the ADR algorithm will be equipped with the hybrid
FEM/XBB-PD model to analyze the fracture process of the UHPC-PVA beams under the
three-point bending load.

By introducing a damping term, the global governing equation of the hybrid model at
the nth time increment can be written in the following form:

MÜn
+ CdU̇n

+ KUn = Fn (40)
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where M, Cd and K are the fictitious mass, damping and stiffness matrices. F is the external
force vector. Subsequently, the central time difference form will be adopted in the ADR
algorithm and the displacement at the (n + 1)th iteration can be obtained by:

Un+1 = Un + U̇n+1/2∆t (41)

where the velocity at the (n + 1/2)th iteration can be calculated by:

U̇n+1/2
=

M/∆t− 1
2 Cd

M/∆t + 1
2 Cd

U̇n−1/2
+

[F − KUn]∆t
M/∆t + 1

2 Cd
(42)

where ∆t is the time increment.
In order to solve Equation (42) explicitly, a diagonal fictitious mass matrix is required.

Mii is the ith principal value of the fictitious mass matrix M, which needs to satisfy the
following inequality:

Mii >
1
4

∆t2 ∑j

∣∣Kij
∣∣ (43)

where Kij are the elements of the global stiffness matrix K. To simplify the time integral
process, the damping matrix is usually defined as multiples of the fictitious mass matrix:

Cd = cd M (44)

where cd is a system damping coefficient that needs to be updated during the iterations.
The value of cd at the nth iteration can be computed by:

cn
d = 2

√√√√ (Un)TKn
t Un

(Un)TMUn
(45)

where Kn
t is the “local” diagonal tangent stiffness matrix at the nth iteration and its diagonal

entries are defined as:

(Kn
t )ii =

KUn − KUn−1

U̇n−1/2∆t
(46)

Substituting Equation (44) into Equation (42), Equation (42) can be rewritten as follows:

U̇n+1/2
=

2− cn
d ∆t

2 + cn
d ∆t

U̇n−1/2
+

2[F − KUn]∆t(
2 + cn

d ∆t
)

M
(47)

In addition, the iteration starts with:

U̇1/2
=

[
F − KU0]∆t

2M
(48)

3.2.5. The Model Parameters and Settings in the Simulations

In this section, the determination of the discretization and mechanical parameters
needed in the numerical simulations is described.

According to the experimental results in [8,9] and the characteristics of the XBB-
PD model, the mechanical parameters of the produced UHPC material adopted in the
numerical simulations are taken as Young’s modulus: Em = 34.5 GPa; Poisson’s ratio:
νm = 0.1; fracture energy density: Gcm = 90 J/m2 (measured by the approach introduced
in [58]). On the other hand, the mechanical parameters of the PVA materials provided by
the manufacturer are given as Young’s modulus: E f = 100 GPa; Poisson’s ratio: ν f = 0.22;
fracture energy density: Gc f = 8000 J/m2.

In [9], the produced UHPC-PVA materials were seen as a type of composite material.
In order to keep the smoothness of the strain field in the PD simulation of such a com-
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posite material, the horizon radius used for the PD discretization should conform to the
following inequality:

δ 6
√√√√ E f h f h2

m

3µm

(
h f + hm

) (49)

where h f and hm represent the geometrically characteristic lengths of the matrix and
fiber materials; µm is the shear modulus of the matrix material. As we stated in [9], the
geometrically characteristic lengths can be taken as h f = 20 mm and hm = 1.5 mm,
respectively. Given the Young’s modulus of the PVAs E f = 100 GPa and the shear modulus
of the UHPCs µm = Em/(1 + 2νm) = 28.75 GPa, using Equation (49), the horizon radius
should satisfy δ 6 1.558 mm and δ = 1.5 mm could be a convenient choice.

In [9], the m-ratio was taken as m = 5 for the 2D modeling of UHPC-PVA structures.
However, the 3D condition is considered in this paper. For the purpose of compromise
between accuracy and computational cost, the m ratio is adopted here as m = 3, then the
grid size is obtained as ∆x = δ/m = 0.5 mm. The discrete models for the three cases in the
experiments are shown in Figure 6a–c. The number of total nodes is 1,061,613 in the hybrid
models. The discretization information is presented in detail in Table 2.

 
 

 

 

 

 

 

(a) Cl = 0 mm

 
 

 

 

 

 

 

(b) Cl = 20 mm

 
 

 

 

(c) Cl = 40 mm

Figure 6. The discrete models used in the 3D simulations.

The ADR algorithm is sensitive to the value of ∆t used in the time integration [9,45].
In [9], a numerical test was performed with a 2D model to determine the proper value of ∆t
to find the similar quasi-static characteristics for the experimental observations. Referring
to that, ∆t = 5× 10−3s could be the most secure value and will be used in all the 3D
simulations.

In order to compare with the experimental results, four different values of Vf (= 0.5%,
1%, 1.5% and 2%) are considered. Given the loading rate of v = 2× 10−4 mm/s adopted in
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the experiments, the numbers of iterations in the simulations will be 350,000, 400,000 and
500,000 for cases 1, 2 and 3, respectively.

Table 2. Discretization information of the hybrid model for the notched beam specimens.

Case Number of PD Nodes Number of FE Elements Number of Coupling Elements

1 (Cl = 0 mm) 22,263 994,880 4320
2 (Cl = 20 mm) 80,811 937,760 5440
3 (Cl = 40 mm) 135,177 884,720 6480

4. Experimental and Numerical Results
4.1. Experimental Results

The three-point bending tests on the beam specimens shown in Figure 2a–d were
carried out. All the broken specimens are shown in Figures 7a–9a. The variations of the
applied loads versus the central deflections are recorded and plotted in Figures 7b–9b.
The shapes of the central deflection-force diagrams show different characteristics in the
elastic, hardening, softening and failure stages in the cases with different PVA fiber volume
fractions. In contrast, the results of the compression tests [8] and the three-point bending
tests [9] performed with the produced plain UHPC materials showed a typical quasi-brittle
behavior. It seems that, due to the addition of the PVA fibers and with the increase in the
volume fraction, the UHPC-PVA materials gradually change from brittle to ductile. The
significant toughening enhancement phenomena exist in the cases with greater PVA fiber
volume fractions. Figure 10 shows the variations of the peak force values in the tests versus
the volume fractions of PVA fibers mixed in the UHPC-PVAs, describing that the strength
of the produced materials increases approximately linearly with PVA fiber volume fraction.

(a)

 
 

 

 

 

 

 

(b)

Figure 7. The broken beam specimens with Cl = 0 mm and the central deflection-force diagrams.
(a) Broken specimens with Cl = 0 mm; (b) Central deflection-force diagrams.

The scanning electron microscope (SEM) shown in Figure 11a is used here to study
the micro characteristics of the fracture surface in the UHPC-PVA beam specimen after
tests. Figure 11b,c show two SEM micrographs near a PVA fiber and a quartz granule on
the fracture surface. As shown in Figure 11b, during the fracture advancement, there is a
granular peeling phenomenon near the quartzite–cement interface, but the PVA–cement
interface is smooth (see Figure 11c). The difference suggests that the chemical bonding
between the PVA fibers and cement matrix is much stronger than that of quartzite granules.
This also explains why the PVA fibers can reinforce the produced UHPC materials. On the
other hand, as stressed in [9], the PVA fibers were broken at the fracture surfaces and no
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pulling-out phenomena were observed, which justifies the proposed modeling approach
for the produced UHPC-PVA materials and structures.

(a)

 
 

 

 

 

 

 

(b)

Figure 8. The broken beam specimens with Cl = 20 mm and the central deflection-force diagrams.
(a) Broken specimens with Cl = 20 mm; (b) Central deflection-force diagrams.

(a)

 
 

 

 

 

 

 

(b)

Figure 9. The broken beam specimens with Cl = 40 mm and the central deflection-force diagrams.
(a) Broken specimens with Cl = 40 mm; (b) Central deflection-force diagrams.

 
Figure 10. Variations in the peak force values in the tests versus the volume fractions of PVA fibers in
the UHPC-PVAs.
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(c)

Figure 11. SEM micrographs of the fracture surfaces in the broken UHPC-PVA beams. (a) SEM; (b) A
SEM micrograph near a quartz granule; (c) A SEM micrograph near a PVA fiber.

4.2. Numerical Results

The surface crack patterns obtained in the simulations are shown in Figures 12a–14a,
the experimentally observed crack patterns (magenta curves) are also plotted for compari-
son. The 3D crack surfaces in the simulated specimens are shown in Figures A1–A3. The
corresponding central deflection-force diagrams are plotted in Figures 12b–14b. Figure 15
shows the variations of the peak applied force versus the Vf values.

The differences between the surface crack patterns obtained in the experiments and
numerical simulations may be caused by the random distribution of the PVA fibers in the
UHPC-PVA structures. In addition, the damage zones, describing the crack patterns, are
thicker in the cases with greater PVA fiber volume fractions, indicating that more bonds
are broken in those cases. This is caused by the inconsistency between local deformation
and force density due to the reinforcement of the fiber bonds, which is also the reason for
the success of the proposed approach in modeling UHPC-PVA materials. Concerning the
predicted fracture angles and the peak values of applied force, the simulation results agree
well with the experimental results, explaining the adaptability of the proposed modeling
approach in describing the failure and fracture behaviours of the produced UHPC-PVA
materials and structures.
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(b)

Figure 12. The crack patterns in the beam specimens with Cl = 0 mm and the central deflection-force
diagrams. (a) Surface crack patterns; (b) Central deflection-force diagrams.
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(b)

Figure 13. The crack patterns in the beam specimens with Cl = 20 mm and the central deflection-force
diagrams. (a) Surface crack patterns; (b) Central deflection-force diagrams.

 

 

 

 
 

 

 

 

 

 

Experimentally 

observed surface 

crack path 

Experimentally 

observed surface 

crack path 

Experimentally 

observed surface 

crack path 

Experimentally 

observed surface 

crack path 

(a)

 
 

 

 

 

 

 

(b)

Figure 14. The crack patterns in the beam specimens with Cl = 40 mm and the central deflection-force
diagrams. (a) Surface crack patterns; (b) Central deflection-force diagrams.
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Figure 15. Variations in the peak force values in the simulations versus the volume fractions of PVA
fibers in the UHPC-PVAs.

5. Conclusions and Discussions

In this paper, a series of three-point bending tests were carried out with the notched
UHPC-PVA beam structures. Different cases were considered to study the effects of the
PVA fiber volume fractions on the fracture behaviours of the UHPC-PVAs. Subsequently,
in order to track the whole process of fracture advancement in the specimens, a 3D hybrid
FE/PD modeling approach was proposed, where the XBB-PD model in conjunction with
an energy-based failure criterion [48] was adopted to describe the deformation and failure
behaviours of the UHPC-PVAs, removing the limitation on the Poisson ratio in the classical
BB-PD model [9]. The comparison between the numerical solutions and the experimental
results validates the proposed approach and further demonstrates the reliability of the
experimental results.

Based on the above-presented results, we can conclude with the following points:

• With the increasing volume fractions, the PVA fibers show a significantly and linearly
increased enhancement to the UHPC-PVAs (see Figure 10); as the PVA fiber volume
fraction increased from 0.5% to 2%, the strength of the UHPC-PVA materials increased
by 20.7%, 26.3% and 24.3%, respectively, in the cases with Cl = 0, 20 and 40 mm;

• In the experimental deflection-force diagrams of the specimens with a greater PVA
fiber volume fraction, there exist non-negligible yield behaviors and residual strengths
before and after the peak points, reflecting the brittle–ductile transition due to the PVA
fiber reinforcement (see Figures 7–9);

• Due to the randomness of the fibers and initial defect distribution in the produced
UHPC-PVA beam specimens, the crack patterns obtained by simulations show some
differences to those from the experiments, which is reasonable;

• The obvious differences between the numerical crack patterns in the cases with the
same initial cut position and similar structure strengths (shown in Figure 15) indicate
that the proposed approach can reasonably describe the interaction between the fibers
and matrix, as well as the reinforcement of the PVA fibers on the UHPC materials.

Remark: Although the peak values of applied force predicted by the proposed ap-
proach are very close to those obtained by the experiments, the behaviors described by the
numerical deflection-force diagrams are different from all the experimental observations
excepting the cases with Cl = 40 mm and Vf = 0.5%. One of the reasons should be
the use of the ADR algorithm. As reported in [9,45], the quasi-static solutions obtained
by using the ADR algorithm will become closer to the static solutions but this involves
greater computing costs. Another reason for the difference should be the linear micro-
constitutive relationship used to describe the bond behavior. In fact, such a constitutive
relationship is for the prototype microelastic brittle materials. As discussed in [38,39], to
accurately characterize the post-peak mechanical behaviors of ductile materials, the linear

95



Polymers 2023, 15, 501

micro-constitutive relationship is not enough; bilinearity, trilinear or other more advanced
non-liear constitutive relationships with more controlling parameters are needed.

Consequently, more efforts in the development of more appropriate constitutive rela-
tions and solution algorithms considering both the accuracy and computational efficiency
should be made in the future to accurately simulate the mechanical and failure behaviors
of the UHPC-PVA materials.
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Abbreviations
List of Symbols

Cl distance of the initial crack to the middle of the beam specimen
Vf PVA fiber volume fraction
ρ mass density of the material
σ stress tensor
ε strain tensor
C elasticity tensor
x, x′ location vector of material points
u displacement vector
ξ relative position vector of two material points
η relative displacement vector of two material points
ü acceleration vector of material point
b body force density
Hx neighborhood associated with the material point x
f bond force density
c, κ normal and tangential micro moduli of the bond
`, γ longitudinal and tangential deformations of the bond
n unit directional vector along the deformed bond
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δ horizon radius
w strain energy density stored in the deformed bond
wc critical strain energy density of the bond
Gc critical energy release rate for mode I fracture
$ characteristic function describing the connection status of bonds
ϕx damage value at point x
MFE, KFE mass and stiffness matrices of FE equations
Nu shape functions for displacement
L differential operator
D elastic matrix
E, v Young’s modulus and Poisson’s ratio
MPD, KPD mass and stiffness matrices of PD equations
Ü, U̇, U, E, F acceleration, velocity, displacement, strain and force vectors
G non-local strain coefficient matrix
Vg

f global numerical volume fraction of PVA fibers in the discrete model

Vli
f local numerical volume fraction of PVA fibers related to node i

Pm, Pf parameters of the matrix and fiber materials
Pi average parameter at node i
MCoup, KCoup mass and stiffness matrices of coupled model
M, Cd, K fictitious mass, damping and stiffness matrices of the system
∆t time increment
Mii ithprincipal value of the fictitious mass matrix
Kij elements of the global stiffness matrix
cd system damping coefficient
Kn

t local diagonal tangent stiffness matrix at the nth iteration
Em, vm Young’s modulus and Poisson’s ratio of the matrix materials
E f , v f Young’s modulus and Poisson’s ratio of the fiber materials
hm, h f geometrically characteristic lengths of the matrix and fiber materials
∆x grid size
m ratio of the PD horizon radius to the grid size

Appendix A. Numerical Simulation Results: Crack Surfaces in the Beam Specimens

(a) Vf = 0.5% (b) Vf = 1%

(c) Vf = 1.5% (d) Vf = 2%

Figure A1. Damage levels in the simulated UHPC-PVA beam specimens with Cl = 0 mm.
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(a) Vf = 0.5% (b) Vf = 1%

(c) Vf = 1.5% (d) Vf = 2%

Figure A2. Damage levels in the simulated UHPC-PVA beam specimens with Cl = 20 mm.

(a) Vf = 0.5% (b) Vf = 1%

(c) Vf = 1.5% (d) Vf = 2%

Figure A3. Damage levels in the simulated UHPC-PVA beam specimens with Cl = 40 mm.
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Abstract: Melt compounding has been favored by researchers for producing nylon 6/montmorillonite
clay nanocomposites. It was reported that high compatibility between the clay and the nylon6 matrix
is essential for producing exfoliated and well-dispersed clay particles within the nylon6 matrix.
Though solution compounding represents an alternative preparation method, reported research
for its use for the preparation of nylon 6/montmorillonite clay is limited. In the present work,
solution compounding was used to prepare nylon6/montmorillonite clays and was found to produce
exfoliated nylon 6/montmorillonite nanocomposites, for both organically modified clays with known
compatibility with nylon 6 (Cloisite 30B) and clays with low/no compatibility with nylon 6 (Cloisite
15A and Na+-MMT), though to a lower extent. Additionally, solution compounding was found
to produce the more stable α crystal structure for both blank nylon6 and nylon6/montmorillonite
clays. The process was found to enhance the matrix crystallinity of blank nylon6 samples from 36 to
58%. The resulting composites were found to possess comparable mechanical properties to similar
composites produced by melt blending.

Keywords: montmorillonite; nylon 6; nanocomposites; solution compounding; static melt annealing

1. Introduction

The production of polymer/layered silicate nanocomposites (PLSNs) with unique
properties has been of interest to scientists and researchers. In 1989, researchers at the
Toyota research center reported significant enhancements in the thermal and mechanical be-
haviour of nylon-6 after adding low contents of montmorillonite clay (MMT). This exposed
an enormous research potential for this class of materials. Improvements in the mechan-
ical, thermal, flame retardation, and gas separation properties as well as applications in
biomedical and wastewater treatment fields have been frequently reported in the litera-
ture [1–8]. This strongly puts forward PLSNs as an attractive alternative to conventional
micro-composites.

The mechanical and thermal properties of composites are generally dependent on the
physico-chemical interaction between the matrix and the reinforcing phase. Due to the
hydrophilic character of the silicate layers in the pristine clay (filler), and the organophilic
character of most engineering polymers (matrix), interactions between the filler and the
matrix are usually not favorable. This can be overcome by incorporating organic modifiers
in the clay structure, which is usually achieved by ion exchange reactions where cations
such as primary, secondary, tertiary, and quaternary alkylammonium or alkylphosphonium
are used. Organic modification of the clay structure also leads to the increase in the
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distance between the silicate layers and inter-gallery spacing, which, in turn, facilitates the
intercalation of the polymer matrix between the silicate layers [1–9].

It has been widely reported that significant improvements in properties can only
be achieved for well-exfoliated and well-dispersed silicate layers [9]. Numerous studies
addressed different preparation methods to improve the exfoliation and dispersion of
the silicate layers [9–19]. The most common method for the preparation of PLSNs has
been melt compounding. The key advantages are its speed and simplicity, as well as its
compatibility with standard industrial techniques. This technique utilizes mechanical
shearing forces, applied during extrusion or injection molding, to increase the inter-gallery
spacing of the silicate layers, thus allowing the polymeric chains to diffuse into the clay
galleries (intercalation). The technique can also lead to the separation of the silicate layers,
resulting in the loss of their stacked form (exfoliation). However, complete exfoliation of
the clay platelets was reported to be difficult to achieve [9]. The type of polymer affects the
degree of intercalation or exfoliation, which are more easily achieved when organoclays are
melt blended with polar polymers, such as polystyrene, polyamides, etc. but are a lot more
challenging for apolar polyolefins such as polypropylene, polyethylene, etc. In addition,
the change in melt properties, such as viscosity, upon the addition of the clay particles
has been found to lead to polymer degradation under conditions of high shear rates, so
careful selection of process parameters is crucial. Another challenge is that high melt
temperatures can result in degradation of the organic modifier of the clay. Pre-exfoliation
of clays prior to melt compounding by ultrasonication is common; however, as reported by
Martinez-Colunga et al. [10], who prepared polyethylene–montmorillonite nanocomposites
using different ultrasonic powers, restacking of the exfoliated nanolayers can occur after
ultrasonication. To avoid the production of microcomposites, functionalization with polar
monomers such as maleic anhydride (MA) or the addition of compatibilizers is usually
utilized [16,20].

Some researchers have reported the possibility of the diffusion of the polymeric chains
into clay galleries when samples are allowed to anneal above their melting temperature
without being subjected to any shear forces, (sometimes referred to as unassisted exfoliation,
melt intercalation or static melt annealing). For example, Vaia and Giannelis [21] indicated
the possibility of the intercalation of organically-modified clays by polystyrene. In addition,
Paci et al. [22] and Dennis et al. [23] reported full exfoliation for Cloisite30B/nylon6 using
unassisted exfoliation. The degree of exfoliation was reported to depend on the annealing
time needed for the polymer to diffuse into the clay galleries, which in turn depended
on the molecular weight of the polymer and clay content. Investigations carried out with
other clays presenting low compatibility between the polymer and the clay, such as Cloisite
25A, reported poor results. It was therefore suggested that polar interactions between the
polymer and the clay are necessary for producing intercalated/exfoliated structures when
shear forces are absent.

Solution compounding presents another approach for the preparation of PLSNs. The
process entails the dispersion of the silicate layers in a solvent, which often results in
swelling and then mixing the silicate solution with the dissolved polymer. Intercalation
takes place when the polymer chains replace the solvent in the silicate layers galleries.
Solvent removal is usually by precipitation in different non-solvents or by evaporation.
Controlled removal of the solvent is crucial to the success of the process as any solvent
residue can lead to polymer degradation during further processing. One of the benefits
of solution compounding is that the agitation or stirring of the silicate solution prior to
mixing with the dissolved polymer facilitates the separation and dispersion of the silicate
layers in the final composite. Accordingly, the process can produce intercalated structures
for polymers with little or no polarity. In addition, it has the advantage of not requiring
high temperatures that may degrade the organic modifiers in the various clays. The process
can be attractive for producing thin films with oriented intercalated clays. Selection of an
appropriate solvent is a key requirement for the success of solution intercalation [9,24].
Many studies have focused on water-soluble polymers. For example, Strawhecker and
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Manias [25] prepared polyvinyl alcohol (PVA)/montmorillonite (MMT) nanocomposites,
whereas Aranda and Ruiz-Hitzky [26] prepared polyethylene oxide (PEO)/Na+-MMT
nanocomposites using a mixture of water and methanol as solvents. Similarly, Wu et al. [27]
prepared intercalated PEO/Na+-MMT and PEO/Na+-hectorite nanocomposites. Some
studies used non-aqueous solvents; for example, Ogata et al. [28] used chloroform to
compound polylactic acid (PLA) with organically-modified MMT, but the process did not
yield an intercalated structure.

Using solution compounding with engineering polymers has been reported in fewer
studies. Yano et al. [29] prepared polyimide/MMT nanocomposites using a dimethy-
lacetamide (DMAC) solution of polyamic acid and a DMAC dispersion of MMT modi-
fied with dodecylammonium cations. 12CH3-MMT, 12COOH-MMT, and Cloisite 10A-
MMT were used in their study. X-ray diffraction (XRD) analysis showed that the type of
clay strongly influenced the obtained structure with uniform dispersion, and the exfoli-
ated structure was only observed for the nanocomposites with 12CH3-MMT. N-methyl-
2-pyrrolidone was used as the solvent to prepare polyimide/MMT nanocomposites in
another study [30]. A fully-exfoliated structure was reported when using low MMT con-
tents, whereas nanocomposites with higher MMT contents were only partially exfoliated.
High-density polyethylene (HDPE) and poly-dimethylsiloxane (PDMS) nanocomposites
were also prepared by solution compounding [31,32]. Recently, Filippi et al. [20] reported
that solution blending was unable to lead to intercalation in composites of ethylene copoly-
mers and organically modified montmorillonite.

In addition to the study by Wu et al. [12], who prepared flame retardant polyamide
6/nanoclay/intumescent nanocomposite fibers through electrospinning using formic acid
as a solvent, to the best of our knowledge, solution compounding was only employed in
one other study of nylon6/layered silicate nanocomposites. In their work, Paci et al. [22]
also prepared nylon6/Cloisite 30B nanocomposites using formic acid as a solvent. Their
results showed that intercalation and even complete destruction of the silicate platelets
stacking order is possible in cases of low filler content and small polymer/clay particles.

The current work focuses on the preparation of nylon-6/MMT nanocomposites by the
solution compounding process. In addition to Cloisite 30B, which was investigated in the
study by Paci as noted earlier, another MMT clay with a different organic modifier (Cloisite
15A) as well as unmodified clay (Na+-MMT) were also used to prepare the composites. The
structural morphologies of the resulting composites, their mechanical properties as well as
their crystallization behavior were explored.

2. Experimental Procedure
2.1. Materials Used

Nylon6 (3 mm pellets) was purchased from Sigma-Aldrich, USA. Natural sodium-
based montmorillonite (MMT) clay (Cloisite Na+) and organically-modified sodium-based
montmorillonite clays (Cloisite 15A and Cloisite 30B) were procured from Southern Clay
Products, Inc., Austin, TX, USA. All of the clays used had an average particle size of 7 µm,
as reported by the supplier. Table 1 presents the specifications of the clays used. Glacial
acetic acid and 95% pure methanol were purchased from El Nasr Pharmaceutical Chemicals
Co., Cairo, Egypt.

2.2. Sample Preparation

Composite samples (N6-Na+, N6-15A, and N6-30B) were prepared by solution com-
pounding of Cloisite Na+, Cloisite 15A, and Cloisite 30B with nylon6. This entailed adding
a suspension of each of the clays in 50 g glacial acetic acid to 50 g of nylon6 dissolved in
500 mL glacial acetic acid at 108 ◦C. This was followed by stirring until the mixture cools to
room temperature. The amount of clay used was such that a final 5 wt% of clay in nylon6
was obtained after drying. Solvent evaporation was then carried out followed by flushing
using methanol of any remaining acetic acid to give acetic acid-free composites. Those
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were dried at 90 ◦C until achieiving a constant weight. Blank samples of nylon6 without
any clays (N6) were also prepared using the same routine to serve as reference samples.

Table 1. Specifications of MMT clays.

Clay Compatibilizer Gallery d-Spacing d001 (Å) Organic Content (% Mass)

Cloisite Na+ - 11.7 -

Cloisite 15A
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The obtained powdered samples (composites as well as blanks) were then compression-
molded at 240 ◦C for 5 min under a pressure of 65 MPa, to yield cylindrical samples 1 cm
in diameter and 2 cm long. These were used for nano-indentation tests.

In order to investigate whether there are contributions to the attained morphologies
from melt intercalation during the compression molding step, N6 samples were crushed
into a fine powder and mixed with 5 wt% of the different MMT clays using Turbula® T2F
mixer, at 96 rpm for 1 h. The mixtures were compression-molded using the same conditions
specified above to produce additional composite samples (referred to as “mechanically-
mixed” or “static melt annealing” samples).

2.3. XRD

A D8 Bruker X-ray diffractometer, operated at 40 kV and 30 mA, and using Cu Kα

(λ = 0.1542 nm) was used to record diffraction patterns at middle angle, MAXS, (diffraction
angle 2θ = 2◦ − 10◦), in order to monitor the basal reflection (d001). For each type of clay,
four samples were analyzed: pristine clay (as-received); clay powder processed through the
solution compounding routine without the addition of nylon6; nylon6 mixed with 5 wt%
of Cloisite clay; and nylon6-Cloisite clay composite obtained by solution compounding.
These four samples were analyzed in order to compare the effect of solution compounding
on the basal reflection of the clays used. The Cloisite clay powder processed through the
solution compounding routine without the addition of nylon6 served to divulge any effects
of the solution compounding process on the clay basal reflection, and the blank N6 mixed
with 5 wt% of Cloisite clay served to confirm that the significant decrease observed for the
intensity of the d001 clay reflection was due to the exfoliation of the clay particles, and not
merely to the lower clay content in the composite.

Two-dimensional wide-angle X-ray diffraction patterns, WAXS, (2θ = 8◦ − 35◦) of
pristine nylon 6 and the composites samples were obtained using a Micro Star rotating
anode generator (Bruker, Karlsruhe, Germany) operating at 45 kV and 60 mA, and X-
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ray wavelength λ = 0.1542 nm. A Mar345 dtb image plate was used with a resolution
of 3450 × 3450 pixels and 100 µm/pixel. The sample-to-detector distance was 250 mm.
Diffraction patterns were analyzed using the FIT2D software [33]. All images showed
isotropic diffraction rings indicating no preferred crystal orientation. The 2D diffraction
patterns were azimuthally integrated to obtain intensity curves as a function of diffraction
angle. The intensity profiles were fitted to several crystalline peaks and an amorphous halo
as described in reference [34] and making use of the Peakfit program (Systat Software v4.12,
San Jose, CA, USA). The degree of crystallinity, Xc, was calculated from the ratio of the area
under the crystalline peaks to that of the total diffraction curve.

2.4. Nanoindentation

A Nanoindenter XP (Agilent, USA) was used for nanoindentation testing. Three
arrays, each of twenty five indentations, were made at the top, middle, and bottom of the
longitudinal cross-section of each sample. The distance between adjacent indentations
was set to 100 µm in order to avoid the effect of interaction. A calibrated (Berkovich) tip
was used under the continuous stiffness module (CSM). The indenter was loaded into
the sample until a depth of 5000 nm. A constant strain rate of 0.05 s−1 was maintained
throughout the test. Thermal drift corrections were not performed in order to avoid possible
creep of the tested polymer. However, the test was not started until the thermal drift was
stabilized below 0.05 nm/s. In addition, the test was carried out overnight after leaving the
samples for three hours inside the nanoindenter to thermally equilibrate. Minimum and
maximum calculation depths were set to 2000 nm and 4000 nm, respectively.

2.5. Melt Flow Index

The melt flow index (MFI) in g/10 min (235 ◦C, 2.16 kg) was measured with RAY-
RAN Melt Flow Indexer (Ray-Ran Test Equipment Ltd., Nuneaton, UK) according to
ASTM D1238-04c. MFI values were considered as an indirect measure of the viscosity
of the nanocomposite. MFI testing was conducted on nanocomposite materials prior
to compression molding. Consistency of the flow of the molten polymer was ensured
during testing by excluding any extrudate containing voids. The die was cleaned between
successive runs to prevent contamination. Three MFI values were recorded for each sample.

2.6. TEM

Samples were covered with a protective sputter coating of Au-Pd, then subjected
to Focused Ion Beam (FIB) milling, using the lift-out method, to obtain electron-thin foil
sections. TEM analysis was conducted on a Tecnai F20 (200 kV) TEM.

3. Results and Discussion
3.1. X-ray Diffraction

Middle angle X-ray diffraction spectra are shown for N6-Na+ (Figure 1), N6-15A
(Figure 2), and N6-30B (Figure 3). Pristine Cloisite Na+ (as-received) exhibited a peak
corresponding to a basal spacing of 11.7 Å. This peak shifted to a lower angle when Cloisite
Na+ was subjected to the processing routine used for solution compounding without the
addition of nylon6. The shift to a lower angle indicated a swelling of the clay structure
as a result of stirring the clay in acetic acid. Mixed N6/Na+ powder showed a noticeable
decrease in the intensity of the basal reflection peak as compared to the pristine as-received
clay. This was due to lower clay content in the sample. This peak however appeared at the
same two-theta angle as the pristine as-received clay. Upon compounding Na+ MMT with
nylon-6, a significant decrease in the intensity of the basal reflection peak was observed.
Furthermore, the peak appeared at a lower angle corresponding to a basal spacing of 12.8 Å.
The decrease in the peak intensity of the compounded sample relative to the mixed sample
(both containing 5 wt% clay) suggested partial exfoliation of the clay particles.
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For Cloisite 15A (Figure 2), when subjecting the pristine clay to the solution compound-
ing process without the addition of nylon6, the peak corresponding to the basal reflection
shifted to a higher angle associated with the basal spacing of 23.6 Å. This decrease in basal
spacing might be due to some destruction of the organic modifier. Lee and Char [35] argued
that the organic modifier tails were more likely to bond to strongly acidic solvents, thus
causing a collapse in the clay gallery spacing. Mixed N6/15A powder showed a noticeable
decrease in the basal reflection peak intensity, due to the lower clay content in the sample,
with the peak appearing at the same two-theta angle as the pristine as-received clay. Upon
compounding with nylon6, the peak associated with basal reflection virtually disappeared,
indicating significant clay exfoliation in the composite sample.
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A similar trend was observed for Cloisite 30B samples, as shown in Figure 3 with the
basal reflection peak shifting from a two-theta value, corresponding to 18.5 Å in the pristine
as-received clay to a value corresponding to 17.5 Å for the clay subjected to the solution
compounding routine, indicating a partial destruction of the organic modifier that could
be due to rearrangement of its alkyl chains. Filippi et al. [36], who attributed a collapse in
the interlayer spacing of Cloisite 30B to thermal degradation of the organic modifier after
melt compounding 30B with polymer matrices, reported that the d-spacing collapse was
reversed after dissolving the melt-compounded composite samples in appropriate solvents
due to rearrangement of the alkyl chains of the clay modifier. Mixed nylon6-Cloisite 30B
powders exhibited an XRD peak significantly lower in intensity due to the lower clay
content and exhibiting a two-theta value similar to pristine as-received clay. Compounding
Cloisite 30B with nylon6 led to the virtual disappearance of the basal reflection peak,
indicating clay exfoliation in the composite.

Figure 4 illustrates the WAXS patterns of as-received and solution compounded
nylon6, together with the solution compounded composites. Results show that nylon6
crystals mostly adopt the monoclinic α-form, which is characterized by two strongly
diffracting peaks at 2θ = 24◦ and 2θ = 20.5◦. Only a very weak reflection at 2θ = 21.5◦

associated to the γ crystal structure can be discerned in the WAXS pattern of the nylon6
original sample. It is well known that nylon6 exhibits polymorphic structures, α and γ

being the most common [37]. The α -form appears to be more stable than the γ structure
partly due to enhanced hydrogen bonding interaction. Several authors have reported that
melt compounding silicate layers into nylon6 induced the formation of the γ form [38].
Researchers have reported that slow crystallization or crystallization at high temperatures
favors the α form whereas rapid crystallization or crystallization at low temperatures favors
the γ form [39].

It is interesting to note that preparing samples using the solution compounding
technique did not significantly alter the type of crystal structure obtained, with α crystal
structure continuing to prevail. Furthermore, the addition of layered silicates did not cause
a change in the crystal structure, in contrast to other nylon-layered silicates composites
reported in the literature [37]. Another relevant aspect is that no preferential crystal
orientation has been observed on any of the composites or neat nylon6. Indeed, the 2D
WAXS images show isotropic diffraction rings for all samples and also the relative intensity
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of the two main reflections at 2θ = 24◦ and 2θ = 20.5◦ was found to remain constant. This
behavior is different from that reported in the literature for nylon6/30B prepared by melt
compounding in which the reflection at 2θ = 20.5◦ disappears upon the addition of clay,
indicating a strong orientation of both the clay platelets and the polymer crystallites due to
the shear stresses involved [22].
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Concerning the amount of crystalline material, Table 2 shows similar Xc values for
all the solution compounded materials (approx. 0.58), including the neat polymer and
regardless of the type of clay filler in the composite. However, PA6orig shows significantly
lower values (0.36). It is also apparent that the crystalline peaks are wider in the case of
PA6orig. This suggests that the crystal size is approximately the same for all the samples
except for PA6 orig, which shows more limited crystal size.

Table 2. Degree of crystallinity by WAXS, Xc of the various samples.

Sample Degree of Crystallinity by WAXS, Xc

PA6 orig 0.36

N6-sol 0.58

N6-Na+ 0.57

N6-15A 0.58

N6-30B 0.58

The crystallization behavior of nylon6-clay nanocomposites processed by solution
compounding has not been explored previously and therefore the current observations are
reported for the first time. Results appear to indicate that the solution compounding process
has a higher influence on the matrix crystallization behavior than does the polymer-silicate
layers interaction.
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3.2. Nanoindentation

Nanoindentation results, presented in Figures 5 and 6, show an improvement in the
mechanical behaviour (modulus and hardness) of the nylon-6 blank sample prepared by
solution compounding, as compared to the as-received polymer. The increase in modulus
of the blank polymer can be attributed to the higher amount of crystals with larger crystal
sizes that develop during solution compounding, as indicated earlier based on the WAXS
results. Dissolution of nylon-6 followed by solvent evaporation resulted in finer particles
compared to the as-received pellets that melt at a faster rate. Since compression molding
was carried out at 240 ◦C for 5 min, solution-compounded samples were annealed at
this temperature for a longer period, which affected their crystallization behaviour and
which is known to depend on melt annealing time, as observed in [40]. With regards to
composite samples, all samples of nylon-6 compounded with the different clays showed
improved modulus and hardness compared to the N6 blank samples as a consequence of
the intrinsic higher modulus of the clays. On the other hand, static melt annealing produced
composites with much lower mechanical properties compared to solution compounded
ones, thus confirming that the observed enhancements in mechanical properties are due
to the solution compounding process. Table 3 presents enhancements in nanoindentation
modulus and hardness.

Table 3. Nanoindentation modulus and hardness enhancements for the different composite samples.

Modulus Enhancement Hardness Enhancement

I ♦ II * I ♦ II *

N6-Na+ 12% 11% 10% 8%

N6-15A 17% 15% 19% 15%

N6-30B 18% 16% 14% 11%
♦ Percent enhancement values determined relative to the pristine polymer. * Percent enhancement values
determined relative to the N6 blank.
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3.3. Melt Flow Index

The MFI results in Figure 7 show a significant decrease in MFI for the N6 blank sample
compared to the as-received polymer. This might be due to the effect of melt annealing for
longer time on the molecular weight of the polymer [40]. All composite samples exhibited
lower MFI values with the N6-30B sample exhibiting the lowest value, i.e., highest melt
viscosity which can be attributed to the better compatibility between the clay’s organic
modifier and the polymer matrix. Similarly, the less pronounced decrease in MFI of the
N6-Na+ and N6-15A samples is believed to be due to the lower compatibility between
nylon6 and the clay layers (Na+ having no organic modifier and 15A having an organic
modifier with lower compatibility with nylon6).

3.4. TEM

For the N6-Na+ composite, TEM images at low and high magnifications are pre-
sented in Figure 8a,b, respectively. The images reveal a composite with a mixture of
intercalated and delaminated silicate layers. However, upon analyzing several areas of
the sample, it became apparent that there are areas with a low density of silicate layers.
The non-uniform dispersion is believed to be due to the absence of organic modifier in
Cloisite Na+. This result agrees with the MAXS finding that showed a peak for the solu-
tion compounded composite that was quite similar in intensity and width to that of the
mechanically-mixed composite.

The TEM images of the N6-15A composite are presented in Figure 9 at low and
high magnifications (Figure 9a,b, respectively) and show individual clay layers uniformly
dispersed within the polymer matrix. However, similar to Na+, the examination of various
areas across the sample revealed non-uniform clay distribution. A low intensity MAXS
peak was detected, as presented in Figure 2, in agreement with the TEM observations.
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TEM images of the N6-30B samples are presented in Figure 10. Both low and high
magnification images (Figure 10a,b, respectively) reveal a structure primarily composed
of uniformly dispersed individual clay layers. This supports the MAXS results presented
in Figure 3. The exfoliated layers coupled with the uniform dispersion—not observed in
the other samples—elucidate the role of the type of organic modifier in influencing the
morphology of the nanocomposites. We have reported in a previous study that the alky-
lammonium ions preserve the structure of the silicate layers in Cloisite 30B [41]. A similar
observation was reported by Mani et al. for Cloisite 15A [42]. This challenges the com-
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mon understanding that the increase in the gallery d-spacing due to the organic modifier
makes the intercalation of the polymer chains easier. The organic modifier can therefore be
considered to act in a twofold manner. On the one hand, it would bond with the polymer,
facilitating its intercalation and the increase in the disorder of the clay structure, and on the
other, it would stabilize the clay structure by maintaining the order of the layers. The polar
organic modifier in Cloisite 30B is more likely to bond with nylon6 and thus increase the
disorder in the N6-30B nanocomposite structure. This eventually leads to full exfoliation.
For the case of the N6-15A composite with its non-polar organic modifier, the second
factor is more dominant and thus exfoliation and a uniform dispersion of the clay layers
is more difficult.
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annealed samples), which were also analyzed by TEM. Results of N6-Na+ (Figure 11a,b)
show unevenly dispersed clay particles and no isolated silicate layers. In addition, large
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areas of the examined sample did not have any clay particles, while in a few areas high
densities of clay particles could be found. Composites of N6-15A showed some intercalation
as well as some individual silicate layers (Figure 12a,b). However, similar to the N6-
Na+ composites, large areas of the examined samples did not contain any clay particles,
indicating poor dispersion. Composites of N6-30B (Figure 13a,b) showed better results
with some areas having a high density of mostly evenly distributed silicate layers as well as
other areas with very few layers. These observations are in line with the nanoindentation
results that confirmed low mechanical properties for samples prepared by static melt
annealing. This corroborates the fact that the intercalated/exfoliated structures of solution-
compounded composite samples result from the solution mixing process.
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Figure 13. TEM micrographs for N6-30B prepared by static melt annealing showing evenly distributed
silicate layers at low (a) and high (b) magnifications.

With the exception of one study using solution compounding for the preparation of
Cloisite 30B-nylon6 PLSNs [22], studies published on nylon6 PLSNs, in which testing of
mechanical properties is reported, have predominantly used melt compounding [43–54].
Due to the limited use of solution compounding, it is important at this stage to compare the
results obtained in the current investigation to those published in the literature pertaining to
melt compounding. A comparison of our results to results from the literature is presented
in Table 4. The search for those results has revealed that although many studies have
been published on PLSNs, the general focus/theme has been the preparation method
and how it influences the composite morphology. Testing of mechanical properties of
nylon6-montmorillonite has been reported in only a few studies. Since enhancement of
Young’s modulus has been the objective in these studies, we will focus on this property to
give us a guide on how well our composites compare to others.

All results pertain to composites of nylon6 with 5 wt% clay. Epolymer is for nylon6 with
the same process history as the composite.

Results in the table show that reported enhancements in Young’s modulus vary
significantly from one study to the other, with one study reporting up to 88% enhancement
upon the addition of only 5 wt% clay, whereas others report values as low as 2.5%. It
is important to note that for organically modified clays, actual mineral content can vary
depending on the amount of the organic modifier so although the results are reported for
composites with 5 wt% clay, slight variations are expected. In addition, whenever different
molecular weights of nylon6 are used (e.g., the study by Fornes [47]), a range is included
for comparison. What is noticeable from the table is that the results of the current study
compare favorably in terms of the absolute value of the Young’s modulus observed. This
is believed to be due to the success of the solution compounding process in dispersing
and exfoliating the different types of clays in the current study. It is also believed that the
improved matrix crystallinity contributes to the observed enhancements, since it is known
that the final properties of the nanocomposites will depend not only on the distribution
of layered silicates but also on the crystal type, the degree of polymer crystallization, and
crystallite morphology [37].
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Table 4. Comparing results of the current study to some reported Moduli of nylon6-montmorillonite
clays.

Clay Type Epolymer
(GPa) Ecomposite (GPa) Preparation Method Modulus Evaluation

Technique Reference

Cloisite 30 B 3.5 4.2 Solution compounding nanoindentation Current study

Cloisite 15A 3.5 4.15 Solution compounding nanoindentation Current study

Cloisite Na+ 3.5 3.9 Solution compounding nanoindentation Current study

Cloisite 30B 3 3.7 (+23%) Melt compounding nanoindentation [7]

Cloisite 15A 3 3.25 (+8.3%) Melt compounding nanoindentation [7]

Cloisite Na+ 3 3.2 (+6.7%) Melt compounding nanoindentation [7]

organically modified
clay (Nanomerw

I.30TC)
1.06 2 (+88.7%) Melt compounding nanoindentation [44]

Cloisite Na+ 2.66 3.01 (+13.2%) Melt compounding Tensile testing [45]

Organoclay SCPX
2004 2.66 3.66 (+37.6%) Melt compounding Tensile testing [45]

Cloisite 30B 1.2 1.3 (8.3%) Melt compounding Tensile testing [46]

MMT 1.11 1.93 (+73.9%) (in situ polymerization) [47]

MMT 2.82 4.2–4.8 (+59.6%) Melt intercalation [47]

Orgomodified MMT 1.99 3.12 (+57%) Melt compounding Tensile testing [48]

Natural MMT 1.99 2.04 (+2.5%) Melt compounding Tensile testing [48]

Organoclay 0.73–1.2 1.05–1.6 (+43%) Melt compounding Compression testing [49]

OrganoMMT 2.9 4.1 (+41.4%) Melt compounding Tensile testing [50]

4. Conclusions

XRD and TEM investigations conducted in the current study confirmed that solution
compounding facilitates the separation and dispersion of the silicate layers for cases of
low/no polar interactions between the clays and the polymer. The results also revealed
that solution compounding enhances the crystallinity for neat nylon6 from 36 to 58%
and results in the more ordered and stable α type crystal structure. This enhanced the
nanoindentation hardness and modulus. Additionally, solution compounding allowed
a good dispersion of the 15A and 30B clays in the composites. The mechanical testing
results compared favorably with published results in the literature for melt compounded
samples and makes the process an alternative worth considering. It is also worth noting
that solution compounded composites exhibited nanoindentation hardness and modulus
values that are 60–110% higher than those produced by static melt annealing. Static melt
annealing was found to be somewhat effective in the case of the N6-30B samples only,
which further confirms that the observed exfoliated structures in the composites together
with the associated enhancement of mechanical properties were brought about by the
solution compounding process.

5. Patents

A US patent resulting from the work reported in the manuscript is listed below:
Gawad, Ahmed Abdel M., Ramadan, Adham R., Esawi, Amal M. K., Solution blending
process for the fabrication of NYLON6-montmorillonite nanocomposites, United States
Patent 10100175, 2018.
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Abstract: The electrical properties of nanocomposites based on polyetherimide (PEI) filled with
reduced graphene oxide (rGO) and a graphene oxide hybrid material obtained from graphene oxide
grafted with poly(monomethyl itaconate) (PMMI) modified with barium titanate nanoparticles (BTN)
getting (GO-g-PMMI/BTN) were studied. The results indicated that the nanocomposite filled with
GO-g-PMMI/BTN had almost the same electrical conductivity as PEI (1 × 10−11 S/cm). However,
the nanocomposite containing 10 wt.% rGO and 10 wt.% GO-g-PMMI/BTN as fillers showed an
electrical conductivity in the order of 1 × 10−7 S/cm. This electrical conductivity is higher than that
obtained for nanocomposites filled with 10% rGO (1 × 10−8 S/cm). The combination of rGO and
GO-g-PMMI/BTN as filler materials generates a synergistic effect within the polymeric matrix of the
nanocomposite favoring the increase in the electrical conductivity of the system.

Keywords: polyetherimide nanocomposite; hybrid graphene materials; reduced graphene oxide

1. Introduction

Graphene materials, such as graphene oxide (GO) and reduced graphene oxide (rGO),
have been widely studied due to their ease of obtainment and excellent properties. For
instance, rGO presents excellent electrical properties, while GO has oxygen moieties that
impart reactivity to be functionalized using different compounds [1–3]. Moreover, the use
of graphene oxide and reduced graphene oxide as fillers in polymer nanocomposites to
improve their thermal, electrical, and mechanical properties has increased since the advent
of graphene materials. This has generated interest in scientific and technological fields, as
well as an important advance in different areas [4,5].

The GO corresponds to oxidized graphene sheets, which present oxygenated func-
tional groups such as hydroxyl, epoxide, carboxylic acid, ketones, and cyclic esters [6,7].
The presence of these functional groups favors the exfoliation of graphene layers by using
thermal reduction as a top-down method. On the other hand, GO is a less conductive
material than graphite since the carbon atoms bonded to oxygen functional groups present
sp3-hybridization, which disrupts the continuity of the long-range sp2 conjugated system,
affecting the charge transport lattice characteristics [8].

The GO can be reduced using different methods to obtain the rGO. One of these
methods is thermal reduction, which consists of heating GO above 600 ◦C, which results in
a fast reduction and rapid exfoliation of graphene oxide layers. The exfoliation is the result
of the thermal decomposition of oxygenated functional groups present in GO, which yield
gaseous molecules, such as CO2, CO, and H2O [6,7].

As is known, there are a wide variety of graphene materials, where among them
polymer-grafted graphene oxide is highlighted because the polymer assists the compat-
ibility of the graphene with the environment where it is dispersed [9]. Polymer-grafted
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graphene oxides can be obtained by the grafting-from, as well as the grafting-to meth-
ods [10]. In this regard, previously our group reported the obtaining of a grafted-from
graphene oxide, where the grafting polymer was poly (monomethyl itaconate), and the
route to obtain consisted of atom transfer radical polymerization [11]. It is important to
notice that the monomer, monomethyl itaconate, corresponds to a derivative of the itaconic
acid. Itaconic acid is obtained by a fermentation process of renewable sources [12].

On the other hand, graphene materials, such as graphene oxide and its derivatives,
are used as fillers in polymers to improve the performance of properties such as electrical,
mechanical, and barrier properties [13]. One of the challenges in this matter is the filler
dispersion. In this respect, poly (monomethyl itaconate) grafted onto graphene oxide can
be an alternative to assist the dispersion of the filler in a polymeric matrix.

On the other hand, barium titanate (BT) is a perovskite-type oxide considered a
ferroelectric material with high relative permittivity [14]. Barium titanate nanoparticles
(BTN) are generally used for capacitor design or as filler in dielectric elastomers to improve
their dielectric permittivity [15,16]. Some studies have shown improvements in dielectric,
stress-strain mechanical, and energy storage properties as results of the use of barium
titanate nanoparticles for obtaining polymer-based nanocomposites [17]. In particular,
an improvement in the dielectric breakdown strength was observed, which is attributed
to the increase in the degree of charge dispersion and the mitigation of the local electric
field concentration promoted by GO. The introduction of ceramic fillers with BTNs into
a polymer matrix is an effective procedure to obtain dielectric nanocomposites with high
energy storage density [18]. Other authors have reported that by using BTN and GO,
composites with high dielectric strength can be obtained [19].

Although studies have been carried out regarding GO and BTN-filled nanocomposites,
these have been prepared by physically mixing the components of nanocomposites. Hence,
it is possible to think about the modification of GO with BTN, where BTN is covalently
linked to GO.

To obtain hybrid materials based on functionalized graphene oxide and barium titanate
nanoparticles, it is necessary to modify the structure of both materials. Therefore, a novel
approach to synthesize these hybrid materials is to use polymer-grafted graphene oxide and
functionalized barium titanate nanoparticles that, by a reaction yield, graphene oxide cova-
lently bonds to the BTNs. In this regard, the poly (monomethyl itaconate)-grafted-graphene
oxide can react with barium titanate functionalized with amine groups by nucleophilic
substitution reaction. The amine-functionalized barium titanate is prepared by subsequent
reactions of hydroxylation and silanization by using 3-aminopropyltriethoxysilane [20].
We hypothesize that the carboxylic acid and ester side groups of poly(monomethyl ita-
conate) are susceptible to the nucleophilic attack of amine groups, promoting the formation
of covalent bonds that links graphene oxide sheets with barium titanate nanoparticles
(Figure 1). In this work, the hybrid material prepared by this approach is designated as
GO-g-PMMI/BTN and its use as filler for the preparation of nanocomposites based on
polyether imide (PEI) was investigated. PEI corresponds to a high-performance thermo-
plastic polymer with excellent mechanical and thermal properties. The effect of the use
of the hybrid graphene materials in combination with reduced graphene oxide was also
evaluated. The aim of this work is to evaluate the electrical properties, such as electrical
conductivity and dielectric permittivity, of nanocomposites based on polyetherimide and
hybrid graphene and/or reduced graphene oxide prepared by a solvent casting method.
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Figure 1. Proposed reaction scheme between silanized barium titanate nanoparticles (BTN-NH2) and
GO-g-PMMI to yield hybrid GO-g-PMMI/BTN.

2. Materials and Methods
2.1. Materials

Graphite (+100 mesh (≥75% min)), polyetherimide (melt index 18 g/10 min
(337 ◦C/6.6 kG)), and barium titanate (IV) nanopowder (cubic) 50 nm 99.9% were sup-
plied by Aldrich. Nitric acid (≥99.0%), potassium chlorate (≥99.0%), (3-aminopropyl) tri-
ethoxysilane (APTES) (≥98.0%), α-bromoisobutyryl bromide (BIBB) (98.0%), triethylamine
(≥98.0%), N,N,N′,N”,N”-pentamethyldiethylenetriamine (PMDETA, 99%), ascorbic acid
(≥99.0%), decalin (decahydronaphthalene, mixture of cis + trans) (98%), dichloromethane,
N,N-dimethylformamide (DMF), sulfuric acid (95–97%) and sodium nitrate were sup-
plied by Sigma-Aldrich. Potassium permanganate and copper (II) bromide were obtained
from Merck.
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Monomethyl itaconate (MMI) [21], graphene oxide (GO) [16], reduced graphene oxide
(rGO) [16], and poly (monomethyl Itaconate) grafted graphene oxide (GO-g-PMMI) [16]
was synthesized using the previously reported method.

2.2. Synthesis of Hybrid Nanomaterial Based on Graphene Oxide Grafted with PMMI and Barium
Titanate Nanoparticles (GO-g-PMMI/BTN)
2.2.1. Hydroxylation of Barium Titanate Nanoparticles

15.250 g of BTN in 80 mL of 30% H2O2 was added to a 2-neck flask. This mixture was
sonicated for 30 min (25% amplitude). Next, it was left to react using a refluxing system at
105 ◦C for 4 h. The resulting suspension was centrifuged and then the obtained solid was
washed with three portions of 50 mL distilled water. The solid was dried in a vacuum oven
at 80 ◦C for 12 h. The weight of the white solid was of 14.000 g, and the resulting solid was
designated as BTN-OH.

2.2.2. Silanization of Barium Titanate Nanoparticles

In a 250 mL three-necked flask, 2.000 g of BTN-OH and 120 mL of ethanol were
added, and the mixing was sonicated for 30 min. Next, the flask was connected to a reflux
condenser, a thermometer, and an addition funnel containing a 3 vol.% solution of APTES,
which was slowly added drop by drop. Afterwards, the flask was heated at 80 ◦C, and left
to react for 2 h under magnetic stirring. Once the reaction time was elapsed, the reaction
mixture was centrifuged and the solid was washed with three portions of 50 mL of distilled
water and then dried at 80 ◦C for 24 h. The weight of the resulting white-beige colored
solid was 1.945 g and it was designated as BTN-NH2.

2.2.3. Synthesis of the GO-g-PMMI/BTN

In a 250 mL two-necked flask, 0.052 g of GO-g-PMMI, 0.107 g of BTN-NH2, 150 mL of
decahydronaphthalene (decalin) and 5 g of 4Å molecular sieve were added. The mixture
was conditioned under an inert atmosphere and allowed to react at 160 ◦C for 4 h. Next,
the reaction mixture was filtered under reduced pressure. The solid obtained was washed
three times with 50 mL portions of petroleum ether and subsequently three times with
50 mL portions of acetone. Finally, the solid product was dried at 80 ◦C in a vacuum oven
for 12 h, yielding 0.525 g of a gray solid designated as GO-g-PMMI/BTN.

2.3. Preparation of Nanocomposites

First, a 18 w/v% solution of PEI was prepared by dissolving 0.9 g of PEI in 5 mL of
dichloromethane. The mixture was stirred for 30 min, achieving complete dissolution of the
polymer. On the other hand, the filler material was weighed and added to a beaker accord-
ing to the filler percentage stipulated for each nanocomposite and 5 mL of dichloromethane
was also added. The masses of the fillers are shown in Table 1.

Table 1. Mass of PEI and fillers used for the preparation of the nanocomposites.

Compound PEI (g) GO-g-PMMI/BTN (g) rGO (g)

PEI 0.9000 0 0
GO-g-PMMI/BTN 0.9200 0.0937 0

rGO 0.9300 0 0.0936
GO-g-PMMI/BTN + rGO 0.9300 0.0946 0.0937

This mixture was sonicated for 5 min at 25% amplitude to disperse the filler particles
and was mixed with the polymer solution under magnetic stirring. The resulting mixture
was sonicated for 5 min at 25% amplitude and poured into a Petri dish. The Petri dish was
covered with a beaker to favor slow evaporation of the solvent. This procedure was used
to obtain all the nanocomposites for evaluation.
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2.4. Characterization

FTIR spectra were recorded using a Thermo Scientific Nicolet IS50 spectrophotometer
(Waltham, MA, USA) with the attenuated total reflectance technique (ATR). The Raman
spectra were registered using Raman WITec Alpha 300 RA spectrometer equipped with a
532 nm wavelength laser and 0.2 cm−1 resolution. X-ray diffraction analysis was recorded
using a Bruker D8 Advance diffractometer (Billerica, MA, USA). The radiation frequency
was the Kα line from Cu (1.5406 Å) with a power supply of 40 kV and 40 mA. The
morphologies of the samples were obtained by scanning electron microscopy (SEM) and
(STEM) using JSM-IT300LV microscope, Jeol (Tokyo, Japan). The samples were coated
with an ultra-thin gold (Au) layer. The accelerating voltage was 10 kV. The DC electrical
conductivity of samples were determined by using 8.0 cm diameter disc-shaped films using
a Keithley High Resistivity Tester model 6517B (Cleveland, OH, USA) and a Resistivity Test
Fixture 8009. Broadband dielectric spectroscopic data were obtained using a broadband
dielectric spectrometer model BDS-40, Novocontrol Technologies GmbH (Hundsangen,
Germany), over a frequency range window of 10−1 Hz to 106 Hz and at room temperature.
The applied amplitude of the alternating current (A.C.) was 1 V.

3. Results and Discussion

Figure 2 presents the FTIR spectra of reduced graphene oxide (rGO), barium ti-
tanate nanoparticles (BTN) and hybrid material based on graphene oxide grafted with
poly(monomethyl itaconate) modified with barium titanate (GO-g-PMMI/BTN).
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Figure 2. FTIR spectrum of rGO, BTN, and GO-g-PMMI/BTN.

A wide absorption band between 3200 and 3600 in the spectrum of rGO is observed,
which is attributed to the presence of hydroxyl groups [22]. Likewise, the absorption
band at 1559 cm−1 corresponds to the aromatic C=C, which indicates the presence of a
conjugated sp2 system [23]. Moreover, a band at 1007 cm−1 corresponds to hydroxyl and
ether groups [24].

On the other hand, the BTN shows only two absorption bands at 1427 cm−1 and
646 cm−1. The band at 1427 cm−1 corresponds to the stretching vibration of −CO2−

3
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from residual calcium carbonate from barium titanate synthesis and the band at 646 cm−1

represents the Ti-O bond vibration in BaTiO3 [25].
In the case of the GO-g-PMMI/BTN spectrum, a band ca. 3382 cm−1 is observed, which

is attributed to the stretching of the N-H bond associated with the secondary amide yielded
by the reaction between BTN-NH2 and GO-g-PMMI. The absorption band appearing at
1646 cm−1 corresponds to the C=O stretching of the amide groups. Additionally, the band
at 992 cm−1 was attributed to the Si-O-C group.

The Raman spectra of rGO and GO-g-PMMI/BTN are depicted in Figure 3. As
expected, these materials present characteristic bands, namely D-band and G-band. The
D-band is due to the breathing mode of k-point photons of A1g symmetry, and the G-band
arises from the first order scattering of E2g phonons with sp2 carbon atoms [26]. The
intensity of these bands is different, which is attributed to the differences between the
graphenic material. Although GO-g-PMMI/BTN presents D and G bands with higher
intensity than rGO, the D and G bands appear narrower, and their width differs (see
Table 2). Considering the study reported by J. Liu et al. [27], these differences suggest that
the charge transport of both graphenic materials will be different.
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Table 2. Values of ID/IG, FWHM and the Raman shifts of the D-band and G-band.

Sample
Raman Shift (cm−1) FWHM ID/IG

D G D G

rGO 1335 1576 58.898 83.643 0.837
GO-g-PMMI/BTN 1343 1574 51.320 54.610 0.962

Figure 4 shows the XRD patterns of rGO and GO-g-PMMI/BTN. The characteristic
diffraction peaks at 24.48◦ and 42.71◦ correspond to the (002) and (101) characteristic
diffraction planes of the graphitic structure of rGO [28], which are randomly rearranged
after the graphene oxide (GO) reduction process to rGO. For the GO-g-PMMI/BTN, the
characteristic diffraction peaks of BTN appeared at 2θ = 22.05◦, 31.42◦, 38.86◦, 45.18◦, 50.80◦,
56.15◦, 65.64◦, and 74.89◦, which are associated with the typical structure of a perovskite,
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such as barium titanate, of (100), (110), (111), (200), (201), (211), (220) and (310) diffraction
planes, respectively [29,30].
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Figure 4. X-ray diffraction patterns of rGO and GO-g-PMMI/BTN.

These X-ray diffraction results suggest that in the process of incorporating barium
titanate nanoparticles in GO-g-PMMI, the crystal structure of BTN was not modified.

The surface morphology of rGO and GO-g-PMMI/BTN was investigated by us-
ing SEM. As seen in Figure 5, there are notable morphological differences between the
filler materials.

Figure 5a,b correspond to the rGO showing a compact structure of randomly stacked
sheets because of the reduction process to which the graphene oxide was subjected. The
rGO morphology appears as an interlinked layered structure [22]. Figure 5c,d correspond to
the GO-g-PMMI/BTN. This material has a heterogenous shape, where flakes and particles
appeared randomly dispersed.

STEM images of rGO and GO-g-PMMI/BTN are presented in Figure 6. Figure 6a
shows the micrograph of rGO at a magnification of 100,000×, where rGO layers are stacked
together. The micrograph of GO-g-PMMI/BTN is shown in Figure 5b at a magnification
of 100,000×.

A dense structure formed by several stacked layers of GO is observed. Moreover,
an amorphous structure corresponding to the presence of poly(monomethyl itaconate)
on the surface of graphene oxide is observed. The presence of small particles randomly
distributed onto the graphene oxide layer in Figure 6b are attributed to the barium titanate
nanoparticles. As shown in Figure 7, the sizes of these particles are in the order of 50 to
76 nm. The nanoparticles tend to occupy the edges of the graphene oxide layers, probably
due to the oxygen functional groups and, consequently, the brushes of poly(monomethyl
itaconate) to which the nanoparticles would be linked [16].

The prepared nanocomposites using polyetherimide as the polymeric matrix and rGO
and GO-g-PMMI/BTN as filler materials was characterized by FTIR. The results are shown
in Figure 8.

The FTIR spectra of PEI show an absorption band at 1723 cm−1 typical of imide car-
bonyl C=O asymmetrical and symmetrical stretching. The absorption bands at 1603 cm−1

and 1475 cm−1 correspond to the stretching vibration of the C=C aromatic system. The
other two absorption bands at 1358 cm−1 and 1239 cm−1 were assigned to C-N stretch-
ing and bending, and to the C-O-C aromatic ether group, respectively [31]. A band at
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1075 cm−1 was attributed to the tertiary -O-C stretching and the band at 850 cm−1 to the of
the cyano group (-CN).
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(d) GO-g-PMMI/BTN 12,000×.

The GO-g-PMMI/BTN + rGO nanocomposite shows the absorption bands correspond-
ing to PEI. However, an additional wide band is observed at ca. 992 cm−1 attributed to the
vibration of the Si-O-C and the alkoxy groups present in the GO-g-PMMI/BTN structure.
These facts demonstrate the incorporation of the fillers in the polymer matrix.

126



Polymers 2022, 14, 4266Polymers 2022, 14, 4266 9 of 16 
 

 

 
(a) 

 
(b) 

Figure 6. STEM images of rGO (a) and GO-g-PMMI/BTN (b), both at a magnification of 100,000×. 

A dense structure formed by several stacked layers of GO is observed. Moreover, an 
amorphous structure corresponding to the presence of poly(monomethyl itaconate) on 
the surface of graphene oxide is observed. The presence of small particles randomly dis-
tributed onto the graphene oxide layer in Figure 6b are attributed to the barium titanate 
nanoparticles. As shown in Figure 7, the sizes of these particles are in the order of 50 to 76 
nm. The nanoparticles tend to occupy the edges of the graphene oxide layers, probably 

Figure 6. STEM images of rGO (a) and GO-g-PMMI/BTN (b), both at a magnification of 100,000×.

127



Polymers 2022, 14, 4266

Polymers 2022, 14, 4266 10 of 16 
 

 

due to the oxygen functional groups and, consequently, the brushes of poly(monomethyl 
itaconate) to which the nanoparticles would be linked [16]. 

 
Figure 7. STEM image of GO-g-PMMI/BTN 120,000×, showing the presence of barium titanate na-
noparticles on the surface of the GO-g-PMMI. 

The prepared nanocomposites using polyetherimide as the polymeric matrix and 
rGO and GO-g-PMMI/BTN as filler materials was characterized by FTIR. The results are 
shown in Figure 8. 

 

Figure 7. STEM image of GO-g-PMMI/BTN 120,000×, showing the presence of barium titanate
nanoparticles on the surface of the GO-g-PMMI.

Polymers 2022, 14, 4266 10 of 16 
 

 

due to the oxygen functional groups and, consequently, the brushes of poly(monomethyl 
itaconate) to which the nanoparticles would be linked [16]. 

 
Figure 7. STEM image of GO-g-PMMI/BTN 120,000×, showing the presence of barium titanate na-
noparticles on the surface of the GO-g-PMMI. 

The prepared nanocomposites using polyetherimide as the polymeric matrix and 
rGO and GO-g-PMMI/BTN as filler materials was characterized by FTIR. The results are 
shown in Figure 8. 

 
Figure 8. FTIR spectra of GO-g-PMMI/BTN nanocomposite and GO-g-PMMI/BTN + rGO nanocomposite.

The direct current (DC) electrical conductivity of the nanocomposites was evaluated
and the results for the nanocomposites filled with 10 wt.% GO-g-PMMI/BTN, 10 wt.%
rGO, and 10 wt.% GO-g-PMMI/BTN plus 10 wt.% rGO are shown in Figure 9.
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As is known, electrical conductivity, σ, is a measure of the ability of a substance or
medium to conduct electricity [32]. The conductivity of the PEI used as polymeric matrix
is 1 × 10−11 S/cm, however, by incorporating different amounts of GO-g-PMMI/BTN
and/or rGO as fillers, the electrical conductivity of the resulting nanocomposites showed
variations in respect to that of PEI. The nanocomposite containing a fixed concentration
of 10 wt.% rGO and various concentrations of GO-g-PMMI/BTN (5, 10, 15, and 20) wt.%
showed the highest conductivity value, being in the order of 1 × 10−7 S/cm, followed
by the nanocomposite filled with only 10 wt.% rGO, whose conductivity value was in
the order of 1 × 10−8 S/cm. In the case of the nanocomposite containing 10 wt.% of
GO-g-PMMI/BTN, no increase in conductivity was observed, remaining in the order of
1 × 10−11 S/cm. From these results, it can be highlighted that GO-g-PMMI/BTN does
not improve the conductivity of the nanocomposite. However, GO-g-PMMI/BTN in
combination with rGO improves the conductive properties of the nanocomposites above
the values obtained for nanocomposites containing rGO as unique filling material (Figure 9).
The increase of the electrical conductivity with the increase of the filler content is attributed
to a percolation effect imparted by the graphene and hybrid graphene fillers. In fact, the
presence of the filler leads to the formation of an electrical percolation network, and the
charge transport becomes more efficient with the increase of the conductive filler [3].

Figure 10a shows the real part (σ’) of the complex electrical conductivities of PEI
and different nanocomposites as functions of the frequency of the electric field. It was
observed that the electrical conductivity of PEI increased dramatically by adding 10 wt.%
GO-g-PMMI/BTN+10 wt.% rGO (σ’ = 1× 10−5 S/cm, recorded at ν = 10−1 Hz) followed by
the nanocomposite filled with 10 wt.% rGO (σ’ = 1 × 10−7 S/cm, recorded at ν = 10−1 Hz),
where in both cases the conductivity behavior was independent of the frequency. This
indicates that the charge transport is favored by the presence of graphene material [33].
Contrary to the nanocomposite filled only with GO-g-PMMI/BTN, which presented an elec-
trical conductivity close to the conductivity of the polymeric matrix (σ’ = 1 × 10−15 S/cm,
recorded at ν = 10−1 Hz) and the behavior of its conductivity increased with increasing
frequency (σ’ = 1 × 10−8 S/cm, recorded at ν = 106 Hz). Besides, the discontinuity of the
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conductivity curve ca. 10x Hz is due to the logarithmic scale applied to the negative values
registered. The negative value of the electrical conductivity could be attributed to the
electrical current flows against the direction of the electric field [34].
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Permittivity is a measure of the electrical polarizability of a material. The charges of a
material exposed to an electric field undergo temporary displacement; this generates an
induced field within the material [35]. Dielectric permittivity (ε’), which is also known
as the relative dielectric constant, is the real part of the complex dielectric permittivity
(ε = ε’ − jε”) [36]. Figure 10b presents ε’ as function of the frequency of the applied electric
field. It is possible to notice that the nanocomposites filled with 10 wt.% by weight of
rGO and 10 wt.% of GO-g-PMMI/BTN + 10 wt.% rGO show a decrease in their ε’ values
with increasing frequency. The opposite was the case for the nanocomposite filled with
10 wt.% of GO-g-PMMI/BTN, whose value of ε’ remained constant with the variation of
the frequency and showed a dielectric permittivity one order higher than PEI. This indicates
the effective contribution of barium titanate to the permittivity of the nanocomposite. It is
important to notice that the dielectric curves of the nanocomposites containing hybrid filler
and rGO do not present registers below 103 Hz. This is because the curves are represented
in a logarithmic scale, and the permittivity values at these frequencies are negative. The
negative values of the permittivity are being related with opposed polarization to the
electric field. The materials that present negative dielectric constant are considered as
revolutionary materials for electronic and photonic applications [37].

Figure 11 shows the results obtained of the dielectric loss (ε”) for PEI and the nanocom-
posites filled with rGO, GO-g-PMMI/BTN, or GO-g-PMMI/BTN+10 wt.% rGO as a func-
tion of the frequency of the applied electric field in the range between 10−1 and 106 Hz,
observing a gradual decrease for GO-g-PMMI-filled nanocomposites (ε” = 3.818 × 108,
recorded at v = 10−1 to ε” = 3.053× 101, recorded at v = 10−6), as well as for those filled with
rGO (ε” = 2.666 × 106 S/cm, recorded at v = 10−1 to ε” = 1.35 S/cm, recorded at v = 10−6).
The incorporation of 10 wt.% of rGO to the nanocomposite containing GO-g-PMMI/BTN
improved the dielectric permittivity of the material since the nanocomposites with GO-
g-PMMI/BTN as filler presented a lower dielectric permittivity (ε” = 0.097, recorded at
ν = 10−1 Hz) whose value did not vary with the increase in frequency.
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4. Conclusions

Nanocomposites based on polyetherimides filled with rGO, GO-g-PMMI/BTN or
GO-g-PMMI/BTN+10 wt.% rGO, a graphene oxide hybrid material obtained from GO
grafted with poly(monomethyl itaconate) modified with barium titanate nanoparticles,
were prepared and their electrical properties were studied. It was observed that the electri-
cal properties of the nanocomposites varied depending on the type of the filler material
used. The nanocomposites filled with 10wt.% of GO-g-PMMI/BTN presented the same
conductivity of 1 × 10−11 S/cm shown by the polymeric matrix. On the other hand,
the nanocomposites filled with 10wt.% of rGO presented a conductivity in the order of
1 × 10−8 S/cm. The incorporation of 10 wt.% rGO with 10 wt.% GO-g-PMMI/BTN as
fillers in PEI allowed us to obtain a new nanocomposite material with improved electrical
properties compared with the nanocomposite containing only 10wt.% rGO. The conduc-
tivity of this new nanocomposite was in the order of 1 × 10−7 S/cm. The combination of
rGO and GO-g-PMMI/BTN hybrid material improved the electrical conductivity of the
resulting nanocomposite.
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Abstract: Here, we report results on the magnetic and microwave properties of polycrystalline Y-type
hexaferrite synthesized by sol-gel auto-combustion and acting as a filler in a composite microwave-
absorbing material. The reflection losses in the 1–20 GHz range of the Y-type hexaferrite powder
dispersed homogeneously in a polymer matrix of silicon rubber were investigated in the absence
and in the presence of a magnetic field. A permanent magnet was used with a strength of 1.4 T,
with the magnetic force lines oriented perpendicularly to the direction of the electromagnetic wave
propagation. In the case of using an external magnetic field, an extraordinary result was observed.
The microwave reflection losses reached a maximum value of 35.4 dB at 5.6 GHz in the Ku-band
without a magnetic field and a maximum value of 21.4 dB at 8.2 GHz with the external magnetic
field applied. The sensitivity of the microwave properties of the composite material to the external
magnetic field was manifested by the decrease of the reflected wave attenuation. At a fixed thickness,
tm, of the composite, the attenuation peak frequency can be adjusted to a certain value either by
changing the filling density or by applying an external magnetic field.

Keywords: Y-type hexaferrite; magnetic properties; microwave properties; reflection losses; external
magnetic field

1. Introduction

The continuing development of microwave (MW) technologies and the extensive use of
high-frequency electromagnetic radiation, not only in various industries but also in medicine
and everyday life, such as designing “smart” cities, could lead to a massive increase in elec-
tromagnetic interference that could damage sensitive electronic devices and affect human
health in ways that are yet to be fully understood. During the past decade, the necessity for
the large-scale use of the gigahertz range has resulted in the development of novel functional
materials with qualitatively novel properties. Serious efforts have been directed towards
producing materials that attenuate (absorb and screen) microwave radiation with high effi-
ciency in order to alleviate problems related to electromagnetic interference and to control its
biological impact [1–3]. With the continuous innovations in information technologies, higher
expectations have been put forward for portable, implantable and wearable electronic devices.
The new trends in developing electromagnetic (EM) devices are focused on miniaturization,
integration and multifunctionality. However, all of this has led to increased EM radiation
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pollution, which interferes with the regular operation of precision electronic components;
these problems are becoming very serious [4,5].

On the other hand, EM radiation may also heat human cells or interfere with the
intrinsic EM field of the human body; thus, harming human health [6–8].

These are the main reasons driving the development of various advanced materials
for EM wave absorption. The parameters indicating the quality of EM wave absorbers are
high reflection losses (RL), small thickness, wide bandwidth and low density [9–13].

Recently, the attention of researchers in this field has been attracted by a large variety
of nanomaterials (e.g., magnetic materials and magnetic composites), mainly due to the
possibility of controlling their EM wave absorption properties by varying the shape and
size of nanoparticles or the structure and composition of nanocomposites [14–19].

In view of responding to the growing requirements of the materials intended for
such applications, researchers have increasingly focused their attention on developing
magnetic composites based on M-, Y-, Z- and U-hexaferrites [20,21]. Hexagonal ferrites
are ferrimagnetic materials that are widely investigated for microwave absorption in the
GHz frequency band. These materials exhibit strong magnetocrystalline anisotropy, very
good high-frequency magnetic properties, large resistivity, good chemical stability and
low cost [22–24]. In general, a pure hexagonal ferrite exhibits low microwave absorption
efficiency and a rather narrow absorbing bandwidth. This is due to their relatively weak
EM attenuation ability and a large inequality in magnetic and dielectric losses. To solve
these problems and to prepare hexagonal ferrite materials with very good absorbing
properties, efforts have been directed towards reducing the materials’ dimension and
particle size [25,26], doping with rare earth or transition metal ions [27,28] and combining
hexagonal ferrites with other absorbing materials to form composites [29].

Thus, it has been clearly demonstrated that some multiferroic materials, such as the
Y-type hexagonal ferrites, could have practical applications with very good reflection losses
and absorption bandwidth [30].

This is why the last decade saw strong research efforts geared towards studying the
structural and magnetic properties of, and particularly, the magnetic phase transitions in
Y-type hexaferrites. This is explained by the magnetoelectric effect at room temperature
observed in some of them and the consequent potential practical applications of these
compounds as multiferroics.

In this paper, the effects of substituting magnetic Ni2+ cations with non-magnetic Zn2+

cations in Ba0.5Sr1.5Zn2−xNixFe12O22-based composites on their room temperature microwave
behavior, together with the influence of applying an external magnetic field, were studied.
The results are presented and discussed concerning the following two Y-type hexaferrite
compositions: Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22, Ba0.5Sr1.5ZnNiFe12O22, Ba0.5Sr1.5Zn1.2Ni0.8Fe12O22
and Ba0.5Sr1.5Zn2Fe12O22.

2. Materials and Methods

Powder samples of Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22, Ba0.5Sr1.5ZnNiFe12O22, Ba0.5Sr1.5Zn1.2
Ni0.8Fe12O22 and Ba0.5Sr1.5Zn2Fe12O22 were prepared by a modified citric acid sol-gel auto-
combustion technique using stoichiometric amounts of the precursors. The synthesis pro-
cedure is described in detail in [31], and further information on the phase content analysis
is given in [32]. In brief, the corresponding metal nitrates were used as starting materials;
a citric acid solution was slowly added to the mixed nitrates as a chelator to form stable
complexes with the metal cations. The solution was then slowly evaporated to form a gel;
thus, it turned into a fluffy mass and burned in a self-propagating combustion manner. The
obtained auto-combusted powders were homogenized and thermally treated at 800 ◦C for
three hours. Finally, the Y-type hexaferrite powders were produced as follows: The powders
were pressed into bulk pellets with a diameter of 16 mm. The pellets were annealed at 1170 ◦C
in air for 10 h. After cooling down to room temperature, the pellets were ground to obtain
the powder materials for the magnetic measurement. For the microwave measurements, the
powders were homogenized and used as a filler for composite preparations.
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The composite samples were prepared by dispersing the magnetic Y-type hexafer-
rite (Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22, Ba0.5Sr1.5ZnNiFe12O22, Ba0.5Sr1.5Zn1.2Ni0.8Fe12O22 and
Ba0.5Sr1.5Zn2Fe12O22) powders (fillers) in commercial silicon rubber (Mastersil, ASP, Sofia,
Bulgaria) as a polymer matrix. Two types of composite samples were prepared as follows:
A is a series of samples with amounts of magnetic filler of 1.5 g per 1 cm3 of silicon rubber
(Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22, P1A; Ba0.5Sr1.5ZnNiFe12O22, P2A; Ba0.5Sr1.5Zn1.2Ni0.8Fe12O22,
P3A; Ba0.5Sr1.5Zn2Fe12O22, P4A) and B is a series of samples with amounts of magnetic filler
of 1.8 g per 1 cm3 of silicon rubber (Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22, P1B; Ba0.5Sr1.5ZnNiFe12O22,
P2B; Ba0.5Sr1.5Zn1.2Ni0.8Fe12O22, P3B; Ba0.5Sr1.5Zn2Fe12O22, P4B). The samples were molded
into a toroidal shape with an outside diameter of 7 mm, an inner diameter of 3 mm and
a thickness of 4 mm. A referent sample of identical dimensions (denoted as R) made
of silicon rubber was only used to study the polymer matrix behavior in the respective
microwave range.

The microwave (MW) measurements were conducted using a Hewlett-Packard 8756A
microwave scalar network analyzer in a frequency range of 1–20 GHz. To determine the
MW characteristics of the composites, a technique was employed whereby the electro-
magnetic wave (TEM) impinges normally on a single-layer absorber backed by a perfect
conductor [33]. The toroidal samples were tightly fitted into a 50-Ω coaxial measurement
cell (APC 7) backed by a perfect conductor (short-circuit measurement). During part of the
measurements, an external magnetic field was applied using a permanent magnet, provid-
ing a flux density of 1.4 T. The magnetic force lines were perpendicular to the direction
of the electromagnetic wave propagation. The magnetic flux density in the air gap in the
coaxial line was 0.3 T, as measured by a Model 475 Gaussmeter with an HMNT-4E04-VR
Hall sensor. The hysteresis measurements were conducted at 300 K by a physical property
measurement system (PPMS, Quantum Design Inc., San Diego, CA, USA). Scanning elec-
tron microscopy (SEM TESCAN LYRA I, with an EDX detector, Bruker Quantax, TESCAN,
Brno, Czech Republic) was used to determine the samples’ morphology and the particles’
distribution in the silicon rubber.

3. Results and Discussion

Figures 1 and 2 illustrate the microstructure of the cut P1A and P4B samples. They
have different filler densities and different ferrite compositions, but they appear very similar.
The SEM images show that the particles are of a hexagonal shape, typical for hexaferrites,
and are well agglomerated to form clusters of different sizes and shapes. These clusters are
randomly distributed in the volume of the toroidal samples. Our previous investigations
have shown that the average particle size is around 600 nm, with the size being within
the 200–1000-nm range [34]. Since the same synthesis technique was used for all of the
samples, it was only natural to assume that all of them would have a broad particle size
distribution. Therefore, they are in a mixed mono- and poly-domain state, since the critical
size for a mono-domain state for these types of materials is around 500 nm. Thus, it seemed
speculative to discuss the size effect in this case where the size distribution was so broad.
This was the main reason why our attention was focused on the Zn:Ni substitution in the
samples and its influence on the magnetic and microwave properties rather than on the
particle size effect.

Figure 3 presents the hysteresis curves of the Ba0.5Sr1.5Zn0.5Ni1.5Fe12O22, Ba0.5Sr1.5
ZnNiFe12O22, Ba0.5Sr1.5Zn1.2Ni0.8Fe12O22 and Ba0.5Sr1.5Zn2Fe12O22 powders. The curves
are very narrow, with a coercivity of about a few oersteds. The magnetization values at a
magnetic field of 50 kOe (here referred to as saturation magnetization) as a function of the
Zn:Ni cation ratio of the samples are presented in Table 1.
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Figure 3. Hysteresis curves of Ba0.5Sr1.5Zn2-xNixFe12O22 (x = 0, 0.8, 1.2, 1.5) at room temperature. 
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Table 1. Magnetization values at a magnetic field of 50 kOe for the samples depending on the Zn:Ni
cation ratio.

300 K Zn0.5Ni1.5 ZnNi Zn1.2Ni0.8 Zn2Ni0

saturation magnetization, emu/g 32.82 37.07 37.25 38.56

It is noteworthy that the sample with the highest content of nickel ions, which bear
magnetic moments, has the lowest value of magnetization (50 kOe). This should be
related to the known preference of the non-magnetic Zn2+ cations to occupy tetrahedral
positions, whereas the magnetic Ni2+ cations prefer octahedral positions [35]. This entails
the migration of iron cations between crystallographic sites with octahedral and tetrahedral
oxygen configurations and is accompanied by a corresponding change in the magnetic
structure. We also found a similar behavior at low temperatures in our earlier study [31].
One can also see that as the content of the non-magnetic Zn2+ cation is increased, the
process of saturation is shifted to the higher values of the external magnetic field.

Our investigations were mainly aimed at measuring the microwave characteristics
of the composite samples, in which the prepared powder material was dispersed in a
polymer matrix (silicon rubber). Figure 4 presents the changes in the reflection losses
(RL) in the sweeping frequency range of 20 GHz for the composite A series samples with
amounts of magnetic filler of 1.5 g per 1 cm3 of silicon rubber (P1A, P2A, P3A and P4A)
and the control polymer sample of the same thickness (4 mm) without a filler (R). Figure 5
presents the changes in the reflection losses (RL) in the sweeping frequency range of 20 GHz
for the composite B series samples with amounts of magnetic filler of 1.8 g per 1 cm3 of
silicon rubber (P1B, P2B, P3B and P4B) and the control polymer sample of the same
thickness (4 mm) without a filler (R). Our previous experience has shown that the silicon
rubber is transparent to electromagnetic waves in this microwave region [36,37], as it is
confirmed in Figure 2 for the control (R). Consequently, in the case of a hexaferrite/silicon
rubber composite, the microwave properties are due to the hexaferrite only. The curves
representing RL were obtained under the conditions of an electromagnetic wave incident
perpendicularly to the surface of toroidal samples backed by a perfect conductor. According
to the transmission line theory for such a case, the value of RL as a function of the normalized
input impedance is given by [38–40] and is as follows:

RL(dB) = 20log
∣∣∣∣
Zin − Z0

Zin + Z0

∣∣∣∣, (1)

where

Zin = Z0

√
µr

εr
tanh

[
j
2π

c
√

µrεr f d
]

(2)

where Zin is the input impedance of the absorber; Z0 is the impedance of free space; c is
the speed of light in free space; f is the electromagnetic wave frequency; d is the absorber
thickness; µr and εr are the complex permeability and permittivity, respectively.

An RL value of −10 dB corresponds to a 90% attenuation of the electromagnetic wave.
In general, materials with RL values below −10 dB could be considered suitable microwave
absorbers for practical applications [41].

At certain thicknesses and frequencies, minima are observed in the reflected wave. This
takes place when the thickness of the absorber layer satisfies the quarter-wave thickness
criterion, described by the quarter-wave theory [42,43] as follows:

tm =
nc

4 fm
√
|εrµr|

(n = 1, 3, 5, . . .) (3)

fm =
nc

4tm
√
|εrµr|

(n = 1, 3, 5, . . .) (4)

where tm and fm are the matching thickness and the peak frequency [44].
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To assess the EM wave attenuation, the intrinsic properties of the samples have to be
accounted for. The incident microwave energy can generate heat in the material during the
interaction of the electromagnetic field with the molecular and electronic structure of the
material; the incident microwave energy can generate heat in the material. In this way, this
process can convert the incident EM waves into thermal energy, and, finally, the energy
will be dissipated.

In a sample, multiple scattering on inhomogeneities can take place [45]. Thus, by
varying the material structure, in our case, the density of the hexaferrite particles, one
could extend the EM wave propagation path within the sample and improve the absorption
capacity of the EM wave absorber [46]. One can conclude that changing the electromagnetic
parameters can also enhance the intrinsic EM absorption capabilities.

In the case reported, we measured the MW characteristics of two types of composite
samples—with different powder compositions and with different weight ratios. We also
added an external magnetic field perpendicular to the propagation of the electromagnetic
wave to observe changes in the wave attenuation.

For both the A and B series of samples, two types of measurements were made—
with and without an external magnetic field. The magnetic force lines of this field were
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perpendicular to the direction of the electromagnetic wave propagation; one would expect
that the wave attenuation would be higher due to the orientation of the spins’ magnetic
moments. The results from the microwave measurements are opposite. In both cases, for
the A and B series, the reflection losses decreased as a consequence of applying an external
magnetic field. For the A series (Figure 4) without a magnetic field, the minimal reflection
was observed at 8.2 GHz with an RL = −31.7 dB. In the case with a magnetic field, the best
value for the reflection losses was observed at 8.1 GHz with an RL = −17 dB. An analogous
behavior was identified for the B series (Figure 5), but the value of the reflection losses
was higher and shifted to the lower frequencies due to the higher hexaferrite content in
the composite samples. The minimal reflection without a magnetic field was observed
at 4.6 GHz with an RL = −35.5 dB, and it was observed with a magnetic field at 8.1 GHz
with an RL = −21.4 dB.

Following the main conclusion of the influence of the magnetic field on the reflection
losses, the influence of the Zn:Ni ratio on them was discussed in Figure 6. For the A series
samples, the main peak with the best value was observed for the Zn:Ni ratio of 1.2:0.8
(Zn1.2Ni0.8) at 8.3 GHz with an RL = −31.9 dB without an external magnetic field. With
the magnetic field applied, the sample with the best attenuation was of the same ratio of
Zn1.2Ni0.8 at 8.1 GHz with an RL = −17.2 dB.
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Figure 6. The main reflection loss peaks for the A series of samples depending on the Zn:Ni ratio
(a) without a magnetic field and (b) with an external magnetic field applied.

A comparative view of the peaks for the A series of samples depending on the Zn:Ni
ratio with and without a magnetic field is shown in Figure 7a. It is clear that applying the
external magnetic field deteriorates the absorbing characteristics; namely, the attenuation
decreases. Figure 7b shows the averaged results of ten measurements, with the standard
deviation being 5%.

For the B series of samples, shown in Figure 8, two main peaks were observed with
the same value of reflection losses as follows: for the ratio of Zn:Ni=1:1 at 4.7 GHz and for
the ratio of Zn1.2Ni0.8 at 5.6 GHz with an RL = −35.4 dB without an external magnetic field.
When the magnetic field was applied, the sample with the best attenuation was that with
the same ratio of Zn1.2Ni0.8 at 8.2 GHz with an RL = −21.4 dB. Compared to the A series,
the attenuation characteristics are improved, but, again, the external magnetic field plays a
negative role and decreases the attenuation.
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Figure 8. The main reflection loss peaks for the B series of samples depending on the Zn:Ni ratio
(a) without a magnetic field and (b) with an external magnetic field applied.

A comparative view of the peaks is shown in Figure 9a for the B series of samples
depending on the Zn:Ni ratio with and without a magnetic field. A similar behavior
was observed when the external magnetic field was applied; the absorbing characteristics
deteriorated. Figure 9b shows the results of ten repeated measurements. Here, again, the
average value is obtained with a standard deviation of 5%. The most likely explanation
for this error is the measurement setup since the samples were fixed mechanically without
glue, so that minor differences might have arisen in their positioning.

One can, therefore, conclude that the material’s saturation magnetization was raised
by decreasing the degree of substitution with Ni, which, in turn, raised its reflection losses.
Additionally, an optimal Zn:Ni ratio, namely, i.e., Zn1.2Ni0.8, existed there.

These results are opposite to the results observed by us for a Z-type hexaferrite
(Sr3Co2Fe24O41) under the same experimental conditions [20]; applying a magnetic field
resulted in an increased attenuation. In the reported case, for all of the investigated samples,
the values of the reflection losses decreased when a magnetic field was applied. Thus,
one might speculate that the external magnetic field changes the samples’ permeability
to negative or positive [47], depending on whether the material’s resonance frequency
is above or below the frequency range of the measurement. Additionally, for all of the
samples, a magnetic phase transition from a helicoidal to a ferrimagnetic spin order occurs
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around room temperature, which was demonstrated in our earlier study [31,34]. This could
play an important role in determining the microwave characteristics under an external
magnetic field. Accordingly, applying a magnetic field most probably makes the sample
more transparent, depending on the intrinsic properties of the Y-type hexaferrite.
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4. Conclusions

Y-type hexaferrite materials were studied with different Ni substitutions, namely,
Ba0.5Sr1.5Zn2Fe12O22, Ba0.5Sr1.5Zn1.2Ni0.8Fe12O22, Ba0.5Sr1.5ZnNiFe12O22 and Ba0.5Sr1.5
Zn0.5Ni1.5Fe12O22. The magnetic measurements at room temperature showed that the
samples with an increased Ni substitution exhibited a decreased saturation magnetization.
This effect impacted the results of the measurements of the composite samples’ microwave
characteristics when a Y-type hexaferrite was used as a filler material dispersed in a poly-
mer matrix. It was estimated that composite samples with a higher hexaferrite content had
better microwave properties, with the optimal Zn:Ni ratio for the best results being 1.2:0.8.
The highest value of the reflection losses, RL = −35.4 dB, was measured at 5.6 GHz without
applying an external magnetic field. When a perpendicular external magnetic field was
applied, the absorbing properties of both types of samples changed dramatically; namely,
all main peaks were shifted to higher frequencies and the reflection losses decreased. The
maximum value of 21.4 dB was found at 8.2 GHz with the external magnetic field applied.
Thus, one might assume that the magnetic field makes the composite samples more trans-
parent to the electromagnetic waves in this specific frequency range. This behavior should
be related to the intrinsic properties of Y-type hexaferrite materials.
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Abstract: The power-law model for composite conductivity is expanded for graphene-based samples
using the effects of interphase, tunnels and net on the effective filler fraction, percolation start
and “b” exponent. In fact, filler dimensions, interphase thickness, tunneling distance and net
dimension/density express the effective filler fraction, percolation start and “b” exponent. The
developed equations are assessed by experimented values from previous works. Additionally,
the effects of all parameters on “b” exponent and conductivity are analyzed. The experimented
quantities of percolation start and conductivity confirm the predictability of the expressed equations.
Thick interphase, large tunneling distance, high aspect ratio and big nets as well as skinny and
large graphene nano-sheets produce a low “b” and a high conductivity, because they improve
the conduction efficiency of graphene nets in the system. Graphene-filled nanocomposites can be
applied in the biosensing of breast cancer cells and thus the developed model can help optimize the
performance of biosensors.

Keywords: graphene; polymer nanocomposite; percolation theory; conductivity; interphase;
tunneling distance

1. Introduction

Carbon nanotubes (CNT) have a tubular structure of carbon atoms [1–9]. However,
graphene 2D nano-sheets in the form of sp2 carbon show wonderful electronic, unique
mechanical, significant thermal and good chemical properties [10–18]. Thus, polymer
nanocomposites containing graphene can be applied in different technologies such as trans-
parent electronics, electromagnetic interference shielding, energy devices, light emitting
diodes and lightning protection [19–23]. These applications mainly need to the electrical
conductivity justifying the wide research on the conductivity graphene-filled products. The
conductivity in nanocomposites is achieved when the filler percentage reaches an essential
level as percolation start [24–26]. Actually, the significant effect of graphene on the conduc-
tivity is obtained after percolation start and the formation of conductive graphene nets. The
polymer nanocomposites containing graphene nano-sheets present lower percolation start
and more conductivity compared to CNT systems [27], because the graphene has big aspect
ratio and very giant specific superficial zone. However, some undesirable phenomena such
as aggregation, crimping and difficult networking may weaken the efficiency of graphene
for conductivity [28].

The conductivity of graphene-based polymer systems has been extensively studied by
experimental studies [29–31]. They focused on the physical and processing factors to obtain
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the little percolation start and promote the conductivity by low volume fraction of graphene.
However, the influence of main terms on the percolation start and conductivity of graphene-
filled samples was not studied. This matter can be evaluated by the modeling methods,
but the theoretical studies of graphene nanocomposites mainly include the application of
the simple power-law model to calculate the percolation start and conductivity [29,32,33].
So, the roles of main parameters such as nano-dimensions and interphase regions in the
conductivity graphene systems were not evaluated.

The interphase regions are commonly formed in nanocomposites, due to the large
interfacial zone amongst polymer medium and nanofiller [34–39]. The characters of inter-
phase dimensions and toughness in the rigidity of nanocomposites have been conferred
in previous articles [40–46]. Furthermore, it was indicated that the interphase regions can
facilitate the production of conductive nets in the samples in advance the real attachment
of particles [47–51]. Thus, the interphase regions can positively decrease the percolation
level to low filler fractions. However, the conventional model such as the power-law model
cannot consider the important issues in nanocomposites such as nanoscale, interphase
and tunnels.

The power-law model shows respectable arrangement with the experimented conduc-
tivity of graphene products [32,52]. Nonetheless, this model disrespects the main attributes
of graphene nanocomposites. Additionally, there is no accurate equation for the “b” expo-
nent in this model. In this work, this conventional model is advanced for graphene-filled
systems assuming the impacts of interphase, tunnels and the dimensions/density of filler
nets on the effective filler fraction, percolation start and “b” exponent. The established
equations are assessed using experimental results from previous papers. Likewise, the
impact of all factors on the “b” exponent and conductivity is analyzed to confirm the
advanced technique.

2. Theoretical Views

The simple power equation for calculating the conductivity of composites was sug-
gested [29] as:

σ = σf (φ f − φp)
b (1)

where “σf” is the filler conduction, “φ f ” is the filler volume portion, “φp” is the volume
share at percolation start and “b” is the exponent. Additionally, “b” was reported to be
1.6-2 and 1-1.3 for 3D and 2D systems, respectively [52], although more “b” value was
calculated for polymer graphene nanocomposites.

This equation only reflects the effects of conduction, amount and percolation start
of particles on the conductivity, but it neglects the interphase and tunneling zones, as
mentioned. Undoubtedly, these terms affect the effective volume fraction and percolation
start of nanofiller, which change the conductivity of whole system.

The interphase zones of the nanoparticles increase the efficiency of nanofiller, be-
cause they can decrease the distance between nano-sheets and contribute to the net. The
interphase volume portion in graphene-based nanocomposites [53] is predicted by:

φi = φ f (
2ti
t
) (2)

where “t” and “ti” are the thicknesses of the nano-sheets and interphase, respectively.
The effective graphene volume portion in the samples can be calculated by the total

sum of the interphase and filler as:

φe f f = φ f + φi = φ f (1 +
2ti
t
) (3)

which highlights that the interphase thickness and graphene thickness control the effective-
ness of nanoparticles in the nanocomposite.
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The percolation start of 3D unsystematically organized graphite sheets in the nanocom-
posite was also recommended [31] as:

φp =
27πD2t

4(D + d)3 (4)

“D” is the diameter of the nano-sheets and “d” is the tunneling distance. Nonetheless,
D >> d eliminates the role of tunnels in the latter equation as:

φp =
27πt
4D

(5)

The interphase regions are formed on both sides of the graphene nano-sheets. In
addition, the tunneling spaces comprise the distance between the adjacent nano-sheets.
The impacts of interphase and tunnels on the percolation start can be suggested by the
development of the above equation as:

φpi =
27πt

4D + 2(Dti + Dd)
(6)

The predictability of this equation for the percolation start of polymer graphene
nanocomposites is examined by the tentative facts in the next section.

Assuming the graphene aspect ratio (α = D/t), “φpi” is given by:

φpi =
13.5π

α(2 + ti + d)
(7)

expressing an opposite relation amid percolation start and aspect ratio.
The “b” exponent was insufficiently defined in the previous articles for polymer

composites and nanocomposites. Some authors have correlated the “b” to particle diameter
and distribution [54,55]. Shao et al. [56] also defined the “b” as a function of universal
critical exponent, a structure factor and the number fractions of hanging ends and backbone
framework. More recently, Mutlay and Tudoran [30] have developed the Shao approach
and suggested that the “b” exponent depends on the dimensional particle distribution,
structure factor and aspect ratio of nanoparticles. They yielded good agreement between the
predictions and experimental data in graphene and graphite nanocomposites [30]. However,
their equation does not assume the interphase and tunnels as well as net dimensions, which
undoubtedly affect the “b” exponent.

The “b” exponent can be defined for graphene samples by the mentioned terms by
mathematical operations as:

b = 4 +
10

ti + 1
+

10
d + 1

+
500
α

− N
5

(8)

where “N” shows the dimensionality, dimension and density of filler nets in the nanocom-
posite. The correctness of this equation is also examined in the next section by the tested
data of conductivity in dissimilar examples.

Supposing the impacts of interphase and tunnels on the effective graphene amount
(Equation (3)), percolation start (Equation (7)) and “b” exponent (Equation (8)), the power-
law model in Equation (1) is:

σ = σf (φe f f − φpi)
4+ 10

ti+1+
10

d+1+
500
α − N

5 (9)

Figure 1 depicts the effects of various factors on the forecasts of this model. In Figure 1a,
the best conductivity is obtained as 0.14 S/m at φe f f = 0.07 and φpi = 0.001, while low “φe f f ”
significantly decreases the conductivity. Figure 1b also reveals that the greatest conductivity
of 12 S/m is found by σf = 3 × 105 S/m and b = 3, whereas the conductivity mainly falls
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at b > 4. As a result, the highest nanocomposite conductivity is gained by the uppermost
grades of effective filler fraction and graphene conduction as well as by the smallest ranges
of percolation start and “b” exponent. Moreover, it is observed that both filler conduction
and “b” affect the conductivity more compared to other parameters.
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Figure 1. Two-dimensional plots showing the estimates of conductivity using Equation (9) at (a)
various ranges of “φe f f ”and “φp” (σf = 105 S/m and b = 5) and (b) different levels of “σf” and “b”
(φe f f = 0.04 and φp = 0.005).

The developed model assumes the influence of graphene agglomeration on the conduc-
tivity when the average dimensions of agglomerations are considered. The agglomerates
of graphene have different sizes and aspect ratios from a graphene layer, which affect
the effective graphene concentration (Equation (3)), percolation start (Equation (7)), “b”
(Equation (8)) and conductivity (Equation (9)). Therefore, it is possible to take into ac-
count the agglomeration of graphene in the conductivity of nanocomposites using the
developed model.

3. Results and Discussion
3.1. Assessment of Equations by Experimented Records

The obtained equations for percolation start, “b” and electrical conductivity are as-
sessed using the experimental facts of graphene systems from literature.

Table 1 shows the reported specimens and the levels of “t”, “D” as well as “φp”
from the measurements of electrical conductivity at different filler concentrations. By
comparing the experimental “φp” to Equation (6), the values of “ti” and “d” are calculated
and observed in Table 1. The dissimilar values of “ti” and “d” show the existence of
unlike interphase and tunnels in the examples. The densest interphase (8 nm) and the
largest tunnels (10 nm) are witnessed in samples No. 4 and 3, respectively. It should
also be indicated that disregarding these parameters results in the incorrect estimation
of percolation start. In other words, only the geometries of graphene nano-sheets cannot
yield the very small percolation start in nanocomposites, but the interphase around the
nanoparticles and the tunneling spaces between neighboring nano-sheets play a role in
the percolating of nanoparticles. Accordingly, Equation (6) finely predicts the percolation
start in graphene-filled nanocomposites, considering the impacts of the interphase and
tunneling zones.
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Table 1. Selected examples and the outputs of numerous terms by the equations.

No. Samples [Ref.] t (nm) D (µm) φp ti (nm) d (nm) N b

1 PI 1/graphene [57] 3 5 0.0015 7 9 13.0 4.0
2 PET 2/graphene [58] 2 2 0.0050 3 4 22.0 4.6
3 PS 3/graphene [33] 1 4 0.0005 7 10 7.00 4.9
4 PS/graphene [59] 1 2 0.0010 8 8 4.50 5.6
5 PVA 4/graphene [52] 2 2 0.0035 5 5 10.5 5.7
6 epoxy/graphene [60] 2 2 0.0050 2 4 14.5 7.0
7 PVDF 5/graphene [29] 1 2 0.0030 2 3 15.5 7.0
8 SAN 6/graphene [61] 1 2 0.0017 5 5 1.50 7.3
9 ABS 7/graphene [61] 1 4 0.0013 3 3 8.00 7.5

1: polyimide; 2: poly (ethylene terephthalate); 3: polystyrene; 4: poly (vinyl alcohol); 5: poly (vinylidene fluoride);
6: acrylonitrile butadiene styrene; 7: styrene acrylonitrile.

The tested conductivity of the examples is applied to the innovative model and
the values of the “b” exponent are calculated. Figure 2 shows the tested conductivity
and the model’s calculations for the examples. The model’s estimates acceptably agree
with the tested results. Thus, it is logical to apply the developed form of the power-
law model (Equation (9)), supposing the interphase and tunnels for the approximation
of conductivity in the graphene systems. The calculated values of “b” for the reported
samples are shown in Table 1. The smallest and the highest levels of “b” are obtained as
4 and 7.5 for samples No. 1 and 9, respectively. As a result, “b” changes from 4 to 7.5
for the examples. This range is greater than the values of “b” calculated for graphene
nanocomposites using the conventional power-law model (Equation (1)), disregarding the
interphase and tunneling parts.
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The values of the “b” exponent can be applied using Equation (8) to approximate
the level of “N”. The calculated “N” for all samples is reported in Table 1. “N” ranges
from 1.5 to 22 for the reported examples. As recommended, “N” is a representative of the
dimension and density of filler net. So, a higher “N” shows the creation of bigger and
thicker nets in the sample. It can be suggested that sample No. 2 contains the biggest and
the densest nets among the reported samples. Additionally, an inverse relation between “N”
and “b” is extracted from the reported calculations in Table 1. The samples with high “N”
illustrate small “b”, while a low “N” results in a high “b”. This evidence is logical, because
the big and dense nets of graphene produce a strong conductivity in the nanocomposite
as predicted by low “b” (see Figure 1b). Conclusively, Equation (8) successfully states
the possessions of interphase depth, tunneling distance and net dimensions on the “b”
exponent. In other words, the suggested equation for “b” considers the influence of all
main factors, which may govern the percolation start and the nets of graphene nano-
sheets in the nanocomposite. In the absence of accurate experimental techniques for
the characterization of interphase, tunneling and net dimensions/density, the developed
equations for percolation start and “b” exponent in this study can help approximate these
parameters in polymer graphene nanocomposites.

3.2. Parameters’ Effects on the “b”

The stimuli of parameters on the “b” exponent are discussed using Equation (8).
Figure 3 exemplifies the characters of “ti” and “d” in the “b” at t = 2 nm, D = 1 µm and

N = 10. The highest value of “b” as 9.5 is observed at ti = d = 2 nm, while “b” decreases to
about 4.15 at ti > 10 nm and d > 8 nm. Consequently, the high values of both “ti” and “d”
decrease “b”. In other words, thick interphase and long tunneling distance can produce a
low “b”, whereas thin interphase and short tunneling distance undesirably enhance it.
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Figure 3. Effects of “ti” and “d” on “b” at normal t = 2 nm, D = 1 µm and N = 10 by (a) 3D and
(b) 2D pictures.

It was mentioned that the “b” exponent inversely depends on the properties of
graphene nets in the nanocomposite. Both “ti” and “d” significantly affect the mentioned
terms. The interphase adjoining the nanoparticles can participate in the filler nets; thus,
they facilitate the percolation of nanoparticles and enhance the size and compactness of
the nets. Likewise, the tunneling spaces between adjacent nanoparticles can contribute to
the networking of graphene nano-sheets, because the nanoparticles can form the nets in
the presence of tunneling regions [62,63]. As a result, thick interphase and large tunneling
distance can raise the scale and density of conductive nets in the nanocomposites, which
diminishes the “b”.

“b” exponent at different values of “α” and “N” and average ti = 4 nm and d = 5 nm
are also depicted in Figure 4. The high levels of both “α” and “N” decrease the “b”, but the
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highest “b” is projected by the minimum values of these factors. As shown, α = 900 and
N = 20 produce b = 4.2, while b = 8 is obtained by α = 300 and N = 5. So, the high levels of
these parameters can positively reduce the “b”, highlighting that the large aspect ratio and
high net properties can produce a desirable “b”.
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Figure 4. Variations in the “b” exponent at dissimilar grades of “α” and “N” and ti = 4 nm and
d = 5 nm by (a) 3D and (b) 2D schemes.

The associations of “b” to these factors are expected, due to the direct influence of
“α” and “N” on the performance of graphene nets in the nanocomposite. As predicted, a
high aspect ratio of the nano-sheets can produce a slight percolation start, which desirably
affects the magnitudes of the nets [60,64]. In fact, the large aspect ratio of the nanoparticles
improves the scale and density of the conductive nets. Conversely, a high rank of “N”
obviously increases the net properties, because “N” reveals the dimensions/density of nets.
Thus, a small “b” is observed due to the big aspect ratio and “N”.

The calculations of the “b” exponent at unlike arrays of “t” and “D” are also seen in
Figure 5. A small “t” and large “l” decrease the “b” exponent. As shown, t = 5 nm and
D = 1 µm result in b = 8, while b = 5.8 is achieved by t < 1.5 nm and D > 2.5 µm. It can
be suggested that the thin and large graphene nano-sheets positively influence the “b”,
while thick and small nano-sheets detrimentally affect it. So, it is necessary to control the
dimensions of graphene nano-sheets in the nanocomposite to obtain a good “b”.
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Skinny and large nano-sheets beneficially manage the size of nets in the products, be-
cause they cause a poor percolation start and also produce dense nets. At a constant volume
of nanoparticles, thin nano-sheets show a high number. Therefore, the nanocomposites
containing thinner nano-sheets contain a larger number of nanoparticles. Additionally, the
contacts between larger nano-sheets are more than those of short ones. Thus, skinny and
big nano-sheets can develop the attributes of filler nets in the nanocomposite; therefore, the
developed equation accurately forecasts the “b”.

3.3. Parameters’ Effects on the Conductivity

The impact of the parameters on the conductivity of graphene is evaluated by the
developed equation (Equation (9)) based on interphase and tunneling regions. In all
calculations, σf = 105 S/m is considered.

Figure 6 shows the conductivity of the nanocomposite correlating to “ti” and “d” at
t = 2 nm, φ f = 0.01, D = 1 µm and N = 10. The top conductivity as 6 S/m is witnessed at the
extreme levels of ti = 12 nm and d = 10 nm. However, ti < 8.5 nm and d < 5 nm induce very
little conductivity adjacent to 0. So, profuse interphase and high tunneling distance can
harvest a high conductivity. Instead, thin interphase and short tunnels cannot significantly
improve the conductivity.
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As mentioned, the interphase and tunnels take part in the nets because they surround
the nanoparticles. Therefore, profuse interphase and large tunnels significantly increase
the net size/density, which positively improves the conductivity. It can be said that a thick
interphase and a large tunneling space can involve more nanoparticles in the conductive
nets. In contrast, thin interphase and short tunneling distance negligibly manipulate the
net size/density. So, the advanced model shows reasonable impacts of interphase deepness
and tunnel size on the nanocomposite’s conductivity. However, it should be said that a
very large tunneling distance between adjacent nano-sheets weakens the tunneling effect,
producing insulation.

The impacts of “α” and “N” on the conductivity of the system at t = 2 nm, ti = 4 nm,
φ f = 0.01, and d = 5 nm are also illustrated in Figure 7. The finest results are gained by the
peak values of “α” and “N”, though a pitiable conductivity is witnessed at low levels of
these factors. The upper conductivity of 0.22 S/m is calculated at α = 900 and N = 20, while
N < 15 only decreases the conductivity to about 0. As a result, only a low level of “N” can
decrease the conductivity, but the highest ranges of both the aspect ratio and “N” produce
the highest conductivity.
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The optimistic role of the aspect ratio in the sample’s conductivity is attributed to
its impacts on the percolation start and net dimensions. A high aspect ratio results in a
low percolation start in the graphene nanocomposites, as mentioned. Additionally, a high
aspect ratio causes a big surface zone, which creates large nets. A low percolation start
boosts the conductivity of the system, as seen in Figure 1a. Moreover, the efficiency of
electron transferring throughout the nanocomposite is improved by the formation of large
nets. Consequently, the correlation of conductivity to the aspect ratio is logical. In addition,
the “N” shows the magnitude of filler nets in the nanocomposite. A small “N” shows
the foundation of short and weak nets in the specimens, whereas a high “N” depicts the
large and dense nets. Therefore, “N” rightly manages the conductivity of the graphene
nanocomposite, as recommended by the new methodology.

Figure 8 also reveals the influence of graphene dimensions on the conductivity of
nanocomposites (ti = 4 nm, φ f = 0.01, d = 5 nm and N = 10). t > 2 nm reduces the conductivity
to about 0, but the smallest “t” (t = 1 nm) and the highest “D” (D = 3 µm) harvest the
uppermost conductivity as 0.07 S/m. Accordingly, the best conductivity is obtained by
very thin and large graphene nano-sheets. On the other hand, thick nano-sheets cannot
increase the conductivity of the nanocomposite.
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lated and the conductive nanofillers handle the whole conductivity. Since the conductivity
of the nanocomposite depends on the percolation level and the net dimensions, skinny and
large nano-sheets can play an optimistic role in the conductivity. In fact, the thin and large
nano-sheets can cover a high fraction of the nanocomposite, which produces big nets and
high conductivity. Alternatively, the efficiency of dense and small nano-sheets is insignifi-
cant, because they produce small nets, which cannot effectively transfer the electrons. As a
result, the optimistic effects of skinny and large nano-sheets on the conductivity of samples
are meaningful.

4. Conclusions

The power equation for composite conductivity was developed for graphene-filled
samples, determining the effects of interphase, tunnels and net dimension/density on the
effective filler fraction, percolation start and “b” exponent. Additionally, the measured
records of percolation start and conductivity were applied to confirm the predictability of
the established equations. A high conductivity is found using a large filler amount, slight
percolation start, significant filler conduction and small “b”; however, the impact of the filler
conduction and the “b” exponent is more significant compared to the other parameters. The
experimental data of percolation start have good arrangement with the predictions. So, the
interphase depth and tunneling size play a main role in the percolation value of graphene
in the system. Moreover, the innovative model adequately predicts the conductivity of
the examples. Generally, thick interphase, large tunneling distance, high aspect ratio and
dense nets as well as thin and big graphene nano-sheets produce a low “b” exponent. In
addition, these factors cause high conductivity, suggesting that they considerably increase
electron transfer in the system. This model was only developed for polymer graphene
nanocomposites. Since graphene-filled nanocomposites can be used in the biosensing of
breast cancer cells, the developed model can help enhance the performance of biosensors.
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Abstract: Simultaneously exhibiting both a magnetic response and piezoelectric energy harvesting
in magneto-rheological elastomers (MREs) is a win–win situation in a soft (hardness below 65)
composite-based device. In the present work, composites based on iron oxide (Fe2O3) were prepared
and exhibited a magnetic response; other composites based on the electrically conductive reinforcing
nanofiller, graphite nanoplatelets (GNP), were also prepared and exhibited energy generation. A
piezoelectric energy-harvesting device based on composites exhibited an impressive voltage of ~10 V
and demonstrated a high durability of 0.5 million cycles. These nanofillers were added in room
temperature vulcanized silicone rubber (RTV-SR) and their magnetic response and piezoelectric
energy generation were studied both in single and hybrid form. The hybrid composite consisted of
10 per hundred parts of rubber (phr) of Fe2O3 and 10 phr of GNP. The experimental data show that
the compressive modulus of the composites was 1.71 MPa (virgin), 2.73 (GNP), 2.65 MPa (Fe2O3),
and 3.54 MPa (hybrid). Similarly, the fracture strain of the composites was 89% (virgin), 109% (GNP),
105% (Fe2O3), 133% (hybrid). Moreover, cyclic multi-hysteresis tests show that the hybrid composites
exhibiting higher mechanical properties had the shortcoming of showing higher dissipation losses.
In the end, this work demonstrates a rubber composite that provides an energy-harvesting device
with an impressive voltage, high durability, and MREs with high magnetic sensitivity.

Keywords: graphite nanoplatelets; iron oxide; silicone rubber; composites; energy harvesting;
magnetic sensitivity

1. Introduction

A polymer composite containing an electrical-conducting reinforcing filler showing
piezoelectric behavior, in a hybrid with iron particles, and which exhibits a magnetic
response, is an interesting topic in research. Various new routes are under investigation
to meet an increase in energy demands. The use of polymer composites in piezoelectric
energy-harvesting-based devices tends to produce few volts via mechanical motion [1,2].
On the other hand, iron particles in a polymer composite are categorized as magneto-
rheological elastomers (MREs) and their mechanical properties are sensitive to a magnetic
field. Polymer composites with hybrid fillers containing iron particles and electrically
conductive reinforcing fillers received great attention [3,4]. Research and review studies
by Zaghloul et al. reveals fatigue and wear properties of polymer composites for various
useful applications [5–7].

MREs are well known and have been investigated for many decades [8]. MREs contain
magnetic particles that tend to orient in a magnetic field, thereby influencing mechanical
properties such as the modulus. Various types of polymer matrix were used in designing
MREs. These polymer matrixes are elastomers, such as natural rubber [9], butadiene
rubber [10], or silicone rubber [11]. Among them, silicone rubber is frequently used, as it is
easily processed and cured and has low hardness, all of which make it a candidate for soft

158



Polymers 2022, 14, 2393

composites [12]. It is well known that silicone rubber can be categorized on the basis of
vulcanization type. These are high temperature vulcanized (HTV) and room temperature
vulcanized (RTV) silicone rubber [13]. Room temperature vulcanized silicone rubber can
be used in various applications, such as insulating coatings, strain sensors or actuators, and
piezoelectric energy harvesting [14].

Recently, carbon-based secondary fillers, such as MWCNTs were added to MREs con-
taining iron particles to improve the mechanical properties of MREs [15]. These secondary
reinforcing fillers form synergy with the iron particles and produce high performance
MREs [16]. The type of carbon-based secondary nanofiller used in MREs also influences
their damping properties. MWCNTs are one-dimensional in nature and have a tube-shaped
morphology and high aspect ratio that significantly improves mechanical and electrical
properties; they act as a catalyst to properties of MREs in terms of energy harvesting [17].
Another way to produce high performance MREs is to produce them with iron particles
characterized by small particle size, high surface area, high aspect ratio, and favorable
morphology so that they orient easily in a magnetic field [18]. In addition to the type of
iron particle, and the type of secondary reinforcing filler, the type of polymer matrix has a
significant role in affecting properties of MREs as detailed above [19].

In this work, soft silicone rubber (hardness below 65) composites are used to produce
high performance MREs which exhibit an improved magnetic response. The type of iron
particle is Fe2O3 and type of secondary reinforcing nanofiller is GNP. MREs with different
features were demonstrated as (a) MREs with iron particles only, which only show a
magnetic response; and (b) Specimens with GNP only, which only exhibit piezoelectric
energy harvesting. To the best of the authors’ knowledge, the MREs exhibiting both a
magnetic response and piezoelectric energy harvesting has not been fully understood
and is, most recently, a hot topic of research and development in MREs. In previous
work, Mannikkavel et al. show a robust piezoelectric energy-harvesting device based on a
composite made from HTV–RTV silicone rubber with an MWCNT as the electrode. The
voltage generation was, however, lower and was approximately 1 V [20]. In this work, with
the addition of a hybrid filler in the substrate, the voltage increases to as high as 10 V and
durability was enhanced to 0.5 million cycles. This work is, thus, advantageous in terms of
voltage and durability.

2. Materials and Methods
2.1. Materials

The MREs were fabricated with room temperature vulcanized silicone rubber (RTV-
SR, obtained from Shin-Etsu, Tokyo, Japan) as the elastomeric matrix (commercial name
KE-441-KT, obtained from Shin-Etsu, Tokyo, Japan) which was transparent in appearance.
The iron oxide (Fe2O3) and graphite nanoplatelets (GNP) were used as nanofillers. The
Fe2O3 had a surface area of around 50 m2/g, and particle size below 50 nm and was
used as iron particles in MREs fabricated in this work; it was obtained from Alfa-Aesar,
Ward Hill, Massachusetts, USA. The GNP, on the other hand, had a surface area of around
125 m2/g, thickness of 4–5 nm and lateral size of ~2 µm. Both nanofillers (Fe2O3 and
GNP) were used in single and hybrid forms in the MREs and their improved properties are
demonstrated. The vulcanizing agent was “CAT-RM”—a whitish-blue liquid—used for
curing and obtained from Shin-Etsu, Tokyo, Japan. The mold-releasing agent spray was
white liquid powder, obtained from Nabakem, Gyeonggi-do, Korea.

2.2. Preparation of Composites

The MREs and piezoelectric energy-harvesting-based composites were prepared by the
solution-mixing technique and the procedure is reported elsewhere [21]. The preparation
of composites was initiated by spraying the molds with mold-releasing agent. The molds
were sprayed and left for 1–2 h before use for composite sample preparation. An amount
of 100 phr of RTV-SR solution (liquid state of rubber without any solvent) was then mixed
with different concentrations of nanofillers, both in single and hybrid forms, as detailed in
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Table 1. The filler–rubber mixing lasted for 10 min. Next, 2 phr of vulcanizing agent was
added and mixed for 1 min. The composite was poured into the molds and kept at room
temperature for vulcanization for 24 h before removal for testing.

Table 1. Formulation table of the RTV-SR based composites.

Formulation * RTV-SR (Phr) Fe2O3 (Phr) GNP (Phr) Vulcanizing
Solution (Phr)

Virgin 100 - - 2
Fe2O3 only 100 10 - 2
GNP only 100 - 10 2

Hybrid 100 10 10 2
* 10 phr of GNP and 10 phr of Fe2O3 were selected because these concentrations are filler percolation of these
fillers and dominant effect of filler in reinforcing composites can be witnessed.

2.3. Characterization Technique

The morphology of Fe2O3 and GNP were studied by SEM microscopy (S-4800, Hitachi,
Tokyo, Japan). All samples were coated with platinum before the SEM micrographs
were taken. The coating was performed to facilitate the surface conduction for the SEM
measurements. The SEM was also used to investigate filler dispersion. For these tests, the
cylindrical sample (20 × 10 mm) was sectioned by surgical blade into thin slices of 0.5 mm-
thick samples. The applied voltage for SEM measurements was 10 kV and the working
distance was ~11 mm. The compressive cyclic and static mechanical measurements were
performed by a universal testing machine (UTS, Lloyd Instruments, West Sussex, UK). The
cylindrical samples were used in measurements of compressive tests at a strain rate of
2 mm/min.

The compressive strain applied for static and cyclic tests was 0–35% max and 30% max,
respectively, for 100 cycles. The tensile mechanical measurements were taken at 100 mm/min
on dumbbell shaped samples with a gauge length of 25 mm and thickness of 2 mm us-
ing the UTS machine (Lloyd instruments, West Sussex, UK). The mechanical properties
were tested according to DIN 53 504 standards. The optical images of the set-up for
compressive and tensile measurements are reported elsewhere [21]. Hardness tests were
taken on cylindrical samples using a Westop durometer, according to ASTM D 2583 stan-
dards. The magnetic response measurements and stress–relaxation tests were performed
on cylindrical tests using the UTS machine and the optical image of the set-up is displayed
elsewhere [22]. The number of samples tested for mechanical properties were 3 for each
tensile/compressive/hardness test. For the compressive and hardness tests, the sample
was manually gripped, while a pneumatic grip was used for tensile measurements. The
magnetic response of the MREs was performed at 90 mT and the stress–relaxation was
performed under on–off of the magnetic field. The piezoelectric energy harvesting was
performed using a mechanical testing machine (Samick-THK, Daegu, Korea) under cyclic
strain and the optical images of the set-up, optical image of the sample, dimension of
electrode and thickness of sample under compressive strain are detailed in Figure 1 above.
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Figure 1. Piezoelectric energy-harvesting set-up with details on device dimensions and their assembly.

3. Results
3.1. Morphology of Fe2O3 and GNPs as Filler Particles

The morphology of fillers is well known to affect the properties of the composites.
Fillers with favorable morphology are easily dispersed in the polymer matrix and their
uniform dispersion simulates the properties [23]. Here, two types of nanofillers with
different morphology were used (Figure 2) and their use as MREs and energy harvesters
was studied. Fe2O3 with oval 0-Dimensional (0D) morphology was used as iron particles
to make the composite magnetically active both in single and hybrid forms and their
improved properties were studied. GNP with sheet-like morphology with 3D structure
forms, 3D filler networks, and their synergy with Fe2O3, was investigated. The single
and hybrid forms of GNPs create electrically conductive networks which are useful for
energy harvesting. Briefly, MREs were prepared using Fe2O3 as iron particles and GNPs as
secondary reinforcing and conductive fillers to make the MREs useful for energy harvesting.
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Figure 2. SEM showing GNPs and Fe2O3.

3.2. Filler Dispersion of Composites
3.2.1. Through SEM Microscope

Filler dispersion plays an important role in influencing the properties of composites.
A composite in which the filler dispersion is uniform tends to show better properties
than those with poor filler dispersion [23]. Here, we employed the SEM technique to
determine filler dispersion in composites. A number of SEM images were studied and their
representative images per sample are shown in Figure 3. The filled composite SEM images
show that the filler particles form long-range networks throughout the silicone rubber
matrix. Moreover, uniform filler dispersion was noticed in the SEM images. The SEM
images of composites based on both Fe2O3 and GNP, as the only filler, shows improved
dispersion, and evidence of filler aggregation was absent. Moreover, the composites based
on hybrid fillers tend to show synergy between the Fe2O3 and GNP particles and, in a
few cases, evidence of exfoliation of GNP particles was noticed. In some cases, Fe2O3
particles were found in the vicinity of the GNP particles and in a few cases GNP platelets
were found in the vicinity of bunches of Fe2O3 particles. The GNP platelets were held
together by van der Waals forces which are weak and easily exfoliated against mechanical
strain, such as during mixing and under mechanical compressive or tensile strain, and
leads to distribution of the exfoliated GNP particles [24]. On the other hand, the Fe2O3
nanoparticles with a particle size below 50 nm were also distributed uniformly due to
nano-dimensions and their favorable oval morphology that allows easy dispersal in the
composite, both in single and hybrid states. Moreover, the exfoliated GNP particles help
to prevent aggregation of Fe2O3 particles, thereby leading to their uniform dispersion as
observed in the SEM images.

3.2.2. Through Elemental Mapping

The filler dispersion can be further assessed with the help of elemental mapping [25].
In the present hybrid composite, four types of elements were noticed, specifically, Si from
silicone rubber, C from GNP, and Fe and O from Fe2O3 (Figure 4). All the maps show that
the elements are densely distributed, whether Si from silicone rubber or C, Fe, or O from
different nanofillers present in the hybrid composite. The element maps further justify the
absence of aggregation of nanofillers in the composite. The SEMs in Figure 2 and element
maps in Figure 3 agree with each other.
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3.3. Mechanical Properties

There are three stages of filler network formation in rubber composites. Firstly, at the
low filler volume fraction of the filler, filler network formation is initiated and the modulus
increases linearly up to a certain amount of filler. The modulus then increases exponentially
at a certain amount of filler volume fraction. This is the stage of the filler percolation
threshold in which long-range and continuous filler networks are formed [26,27]. The
third stage is the filler aggregation stage in which the modulus falls and results in the
presence of excess filler particles in the composite. In this work, an amount of filler was
added at the second stage; i.e., at the filler percolation threshold at which exponentially
high properties are witnessed. Beside the amount of filler, the type of strain also affects the
mechanical properties of the composites. In this work, compressive static and cyclic strains
and tensile strain are applied, and the behavior of mechanical properties are studied and
presented below.

3.3.1. Under Static Compressive Strain

The mechanical behavior under static compressive strain was studied and is presented
in Figure 5. Figure 5a shows the compressive stress–strain for different composites prepared
in this work. It was found that the stress increases with increasing compressive strain. It is
also interesting to note that the compressive stress was linear up to 15% of compressive
strain and then increases exponentially. Such a behavior is based on filler networks and
the packing fraction of polymer chains and filler particles [28]. It is also interesting to note
that as the volume fraction of the filler particles increased to 20 phr (hybrid composite), the
mechanical properties increased at all strains. The mechanical properties were higher for
the hybrid composite than for GNP and Fe2O3 as the sole filler in composites. In addition,
the GNP as the sole filler shows higher reinforcement than Fe2O3 as the sole filler; this is
due to the higher reinforcement exhibited by GNP in rubber composite [29]. On the other
hand, Fe2O3 tends to exhibit lower reinforcing properties due to its poor reinforcing effect
in composites.
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The behavior of compressive modulus was studied and is presented in Figure 5b. It
was found that the reinforcing effect was higher for GNP-filled composites and highest for
hybrid-filled composites. The higher mechanical compressive modulus for GNP is due to
the higher reinforcing effect of GNP particles due to their favorable sheet-like morphology
that allows easy dispersal and because they exhibit a higher compressive modulus [30].
Beside this, the hybrid-filled composites exhibit the highest compressive modulus; this is
due to presence of the higher amount of filler (20 phr) in the hybrid composite than when
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GNP and Fe2O3 are used as single fillers (10 phr each). The higher filler content leads to
higher reinforcements and, thus, higher mechanical properties.

3.3.2. Under Cyclic Compressive Strain

Figure 6 shows multi-hysteresis measurements for different types of composites. The
measurements are useful for determining the heat dissipation under cyclic strain. It was
found from the tests that the dissipation losses were lower for virgin and Fe2O3 composite
samples, higher for the GNP composite, and highest for the hybrid composite. The lower
dissipation losses for virgin samples are due to the absence of filler particles and, therefore,
lower hysteresis losses [31]. In the case of Fe2O3, the dissipation was also lower. This was
attributed to the lower reinforcing effect of the Fe2O3 filler and, therefore, lower hysteresis
losses. The higher hysteresis losses for the GNP and hybrid composites are due to the
higher reinforcing effect of GNP in both GNP as a single filler and a hybrid filler [32].
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The highest dissipation losses in the hybrid composite, which exhibits higher rein-
forcement, are due to the presence of higher filler content, as described in the mechanical
properties’ sections. Thus, although the hybrid exhibits higher mechanical properties, it
shows the limitation of exhibiting higher dissipation losses, which is a drawback. It is
also interesting to note that the first hysteresis cycle exhibits higher dissipation losses in
all composites and stabilizes after subsequent cycles [33]. This can be attributed to the
break-down of new bonds under strain for the first cycle and the formation of new bonds
once the stress is removed. The stabilization of hysteresis losses in subsequent cycles is due
to the attainment of equilibrium between breakdown and formation of bonds in the filler
networks, as justified in Figure 6. Our future work will involve the functionalization of
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the filler to enhance polymer-filler interactions, thereby improving stress transfer from the
polymer matrix to filler particles to suppress dissipation losses, which will be an advantage
for the industrial application of composites.

3.3.3. Under Static Tensile Strain

The behavior of the mechanical properties under tensile strain until fracture was
investigated. Properties, specifically, the tensile modulus, tensile strength, and fracture
strain of the composites, were determined (Figure 7). It was found that the tensile stress
increases linearly with increasing tensile strain until fracture strain (Figure 7a). It was
also interesting to note that the tensile mechanical properties were higher for the GNP
and hybrid composites and lower for the Fe2O3 and virgin composites. A similar trend
was found in the compressive mechanical properties. Thus, our experimental data are
consistent with each other. The higher tensile properties for GNP and hybrid composites
are due to the higher reinforcing ability of GNP in both single and hybrid forms [34]. The
highest mechanical properties of the hybrid are due to its higher filler content (20 phr)
compared with GNP and Fe2O3 as single fillers (10 phr).
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The tensile modulus (Figure 7b), fracture strain (Figure 7c) and tensile strength (Figure 7d)
were studied for different composites. The properties were lowest for the virgin and Fe2O3-
filled composites, while they were higher for the GNP and hybrid composites. The higher
tensile modulus for the GNP and hybrid-filled composites is due to the induced stiffness
of GNP for a rubber matrix and the high reinforcing property of GNP, as detailed in the
literature [35]. The higher fracture strain and tensile strength of the GNP and hybrid
composites are due to the lubricating nature of GNP, in which the graphene planes stack
together via van der Waals forces that tend to repel each other, leading to higher fracture

166



Polymers 2022, 14, 2393

strain and tensile strength [36]. It is also interesting to note that hybrid composites exhibit
the highest mechanical properties, and a sort of synergism was noticed for composites,
especially in fracture strain and tensile strength. The higher properties of the hybrid
composites are also due to the higher filler content (20 phr) compared with other-filled
composites, which cause higher reinforcements for rubber matrix.

3.4. Hardness of Rubber Composites

The hardness of composites is useful for determining whether a composite is soft
or not. Generally, a composite with a hardness below 65 is termed a soft composite [25].
In this work, hardness was determined. It was found that the hardness was well below
65 (Figure 8). This means that the composites prepared in this work are soft and useful
for various applications, such as soft robotics etc. It was also interesting to note that
the behavior of hardness is in agreement with the behavior of mechanical properties, for
example, the modulus of the composites and hardness are in agreement with each other.
Moreover, the hardness of GNP was higher than that of Fe2O3 as the sole filler and the
hardness was highest for the hybrid composite. The higher hardness of GNP is due to the
higher reinforcing capacity of GNP and the highest hardness of the hybrid composite is
due to the high filler content (20 phr) compared with other fillers.
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3.5. Industrial Applications
3.5.1. Piezoelectric Energy-Harvesting Tests

In this work the substrate was made of reinforcing GNP+Fe2O3 hybrid nanofillers
with RTV-SR. The electrode was made of 2 phr of MWCNT+ 2 phr of MoS2 reinforced with
RTV-SR. The flexible energy-harvester substrate thickness was 8 mm and a 0.2 mm-thick
electrode was painted on both the sides. The load was applied for a displacement of
4 mm, with the hemispherical loader having a diameter of 21 mm. A constant amplitude
of displacement was provided for the entire cyclic loading. During the starting cycles,
the obtained voltage value was higher than 1.5 V. This value was constant for up to
40,000 cycles (Figure 9). This was due to the energy of charge carriers present in the
dielectric material [37]. After 40,000 cycles, the voltage value started to enhance at the
higher rate. This was because of the geometry of the specimen. The specimen construction
made it a capacitor. The charging effect produced in the electrode was due to the continuous
voltage production because of repeated loading. Once sufficient charging occurs, on further
loading, the capacitive geometry specimen is able to multiply the voltage production. When
the applied load is continuous, the saturation in the charging of the electrode occurs and a
regular voltage output is obtained from the specimen [38]. Uneven voltage output results
in the variation in the activation of charge carriers during loading of the specimen [39].
During 100,000 cycles of loading, the voltage output was above 5 V. This value steadily
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increased with a further increase in the number of cycles. There was a sharp increase during
100,000 to 200,000 cycles. The value of voltage output during 200,000 cycles was around
7 V. In the 200,000 to 300,000 phase, the voltage value steadily increased. This is due to the
energy of charge carriers occurring as the rate increases. In the course of 300,000 cycles, the
maximum voltage value of above 8 V obtained. From 300,000 to 400,000 cycles, the voltage
value increased again. The voltage value of 9 V was obtained by the specimen during the
repeated loading of 400,000 cycles. During 400,000 to 500,000 cycles, the voltage value
increased slightly. The maximum obtained voltage value of around 10 V was achieved
during 500,000 cycles. In the curve, the top portion is the voltage output due to loading of
the specimen. The bottom portion of the voltage formation is due to the free movement
of the specimen. The forced loading was able to achieve a higher voltage output than the
free movement of the specimen. The MWCNT present in the electrode has the property
of achieving higher conductivity for the electrode, which can collect the charge formation
during loading. MoS2 has a lubricating nature and is able to achieve higher fracture
toughness when combined with the silicone rubber. This property reduces crack formation
on the electrode during repeated loading. The reinforcement present in the substrate has
an effect on the dielectric property. The nano reinforcements in the electrode and substrate
collectively enhance the voltage output.

Polymers 2022, 14, x FOR PEER REVIEW 12 of 16 
 

 

 

Figure 9. Piezoelectric energy-harvesting device cycles (a–e) output-voltages for number of cycles 

from 0 to 0.5 million. 

3.5.2. Magnetic Response Tests of MREs 

The above composites with lower Fe2O3 can sense the external magnetic field but it 

was not significant in the change of stiffness of the rubber composites. To study the mag-

neto-mechanical response properties at a lower external magnetic field (90 mT), a higher 

amount of 40 phr Fe2O3 was utilized. Figure 10a indicates the compressive mechanical 

profile under one cycle of external magnetic field described elsewhere [38,39]. The lowest 

slope in the compressive profile is due to isotropic filler distribution [38,39], whereas the 

highest slope is due to a fast change in the force value because of the attraction of induced 

magnetic poles [38,39] and is regarded as a response force. The medium slope is regarded 

as the true value for the anisotropic filler orientation in the presence of an externally in-

duced magnetic field. The response force without a sample was 7.5 N in our experimental 

system. A slight decrease in the response force was observed because some amount of 

force is utilized to orient the filler particles in the direction of the external magnetic field. 

After the complete orientation of filler particles, the composite shows anisotropic behavior 

with a higher mechanical modulus. Figure 10b shows the changes in the mechanical mod-

ulus from isotropic to anisotropic filler distribution. A greater change in the modulus in-

dicates that the composites can be utilized as magnetically derived flexible actuators in 

many smart applications [40,41]. 

Figure 9. Piezoelectric energy-harvesting device cycles (a–e) output-voltages for number of cycles
from 0 to 0.5 million.

3.5.2. Magnetic Response Tests of MREs

The above composites with lower Fe2O3 can sense the external magnetic field but it
was not significant in the change of stiffness of the rubber composites. To study the magneto-
mechanical response properties at a lower external magnetic field (90 mT), a higher amount
of 40 phr Fe2O3 was utilized. Figure 10a indicates the compressive mechanical profile
under one cycle of external magnetic field described elsewhere [38,39]. The lowest slope in
the compressive profile is due to isotropic filler distribution [38,39], whereas the highest
slope is due to a fast change in the force value because of the attraction of induced magnetic
poles [38,39] and is regarded as a response force. The medium slope is regarded as the
true value for the anisotropic filler orientation in the presence of an externally induced
magnetic field. The response force without a sample was 7.5 N in our experimental system.
A slight decrease in the response force was observed because some amount of force is
utilized to orient the filler particles in the direction of the external magnetic field. After the
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complete orientation of filler particles, the composite shows anisotropic behavior with a
higher mechanical modulus. Figure 10b shows the changes in the mechanical modulus
from isotropic to anisotropic filler distribution. A greater change in the modulus indicates
that the composites can be utilized as magnetically derived flexible actuators in many smart
applications [40,41].
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curves within 3–63 s with 10% deformation of cylindrical sample, and (d) magnetic effect on the
stress–relaxation rate.

A stress–relaxation experiment was also undertaken to observe the filler–filler interac-
tions in the presence of an externally applied magnetic field [42,43]. Viscoelastic materials
such as rubber undergo stress relaxation due to the strain-generated structures in the ma-
terials. Depending upon the direction of the applied magnetic field, the stress–relaxation
rate can be increased or decreased. In our experimental condition, we found a decrease
in the stress–relaxation rate because the flow of the matrix and the applied magnetic field
acted in the reverse direction. The load relaxation curves in the absence and presence
of 90 mT external magnetic fields are provided in Figure 10c. A significant reduction
in the stress–relaxation rate was observed in the presence of the external magnetic field
(Figure 10d), which was due to induced filler–filler interactions [42,43] which can restrict
the movement of polymer chains and improve the stiffness of the composite.

4. Conclusions

The composites prepared in this work exhibit magnetic sensitivity and act as an energy-
harvesting device. The piezoelectric energy-harvesting device generates an impressive
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voltage of around 10 V, high stability, and durability of more than 0.5 million cycles. From
the experimental measurements, the virgin and Fe2O3-filled composites show poor me-
chanical properties, while the GNP and hybrid-filled composites show higher mechanical
properties. However, multi-hysteresis measurements show that GNP and hybrid compos-
ites exhibit higher dissipation losses, which is a disadvantage of using these composites for
industrial applications. The stress-transfer from the polymer matrix to filler particles can,
however, be enhanced by improving interfacial interaction. Our future work will address
the improvement of interfacial interaction, thereby suppressing the dissipation losses to
make the composites more promising.

In conclusion, this work provides the readers with a method of obtaining MREs which
show magnetic sensitivity and an impressive energy-generating device with high durability
which is an interesting current research. This study also highlights that RTV-SR is suitable
for making MREs and stretchable flexible devices. The work demonstrates that with the
addition of the hybrid filler in a substrate, the voltage is enhanced as high as 10 V and
durability greatly improved to as high as 0.5 million cycles. Moreover, the RTV-SR and
composites prepared from this rubber were soft, with a hardness below 65, and suitable for
soft applications, such as flexible electronics. In conclusion, this work recommends that
hybrid filler must be used to obtain higher mechanical properties even though obtaining
higher dissipation losses is a demerit. Nevertheless, the substrate with the hybrid filler
exhibits higher energy generation and shows a prolonged durability, as demonstrated in
Figure 9.
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