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Editorial
Modeling of Polymer Composites and Nanocomposites

Rafal Grzejda

Faculty of Mechanical Engineering and Mechatronics, West Pomeranian University of Technology in Szczecin,
19 Piastow Ave., 70-310 Szczecin, Poland; rafal.grzejda@zut.edu.pl

1. Introduction

The importance of polymer composites (PCs) and nanocomposites (PNs) has increased
significantly in recent years due to their enhanced material performance, sustainabil-
ity and versatile applications [1-5]. These composites are constructed by combining a
polymer matrix, reinforcement (e.g., fibers) and filler, most commonly either by intro-
ducing a monomer into the system and polymerizing it, or by directly introducing the
polymer into the system [6,7]. Natural polymers are also used as a matrix for compos-
ites [8]. In addition, natural fibers are applied as reinforcements in PCs as an alternative
to synthetic fibers, particularly in terms of improving the mechanical properties of the
matrix [9-11]. Furthermore, natural fiber-reinforced composites (FRCs) show exceptional
economic efficiency and are environmentally friendly, making them highly suitable for a
wide range of applications [12-14].

Recent advancements in the field of PCs and PNs have focused on a number of aspects,
including processing techniques, product innovations, surface and color treatments and
the investigation of critical properties [15-17]. Moreover, research is being carried out on
layered hybrid composites with bio-based raw materials in order to provide sustainable
alternatives in structural applications with an emphasis on diversifying the sourcing of raw
materials [18,19]. To optimize functional characteristics, specific additives are introduced
into the composite formulation, which play a key role in enhancing interfacial adhesion,
mechanical strength, dimensional stability and resistance to environmental degradation,
thus increasing the overall durability and functionality of the material [20-24].

Composite products find a wide range of applications in the automotive, trans-
port, sports, shipbuilding, packaging, medical and engineering industries, among
others [25,26]. Advances in polymer composite technology continue to lead to improve-
ments in mechanical performance, biodegradability and recyclability [27,28]. Nanotechnol-
ogy and fiber modification techniques are being explored to further enhance the strength,
thermal stability and fire resistance of composites. All this underlines how important
PCs and PNs are today and that their modeling and further extensive research on them
is needed. Some of this research is presented in the Special Issue of Polymers entitled
“Modeling of Polymer Composites and Nanocomposites”, the introduction to which is
this Editorial.

2. Overview of Papers Published in the Special Issue

Umer et al. (Contribution No. 1) documented the feasibility of converting clean and
renewable energy sources into electricity through the use of piezoelectric materials. They
used a micromechanical study of the effect of adding silica nanoparticles to a polyimide
matrix on the piezoelectric—elastic response of piezoelectric fiber-reinforced nanocompos-
ites [29]. It was found that the addition of silica nanoparticles to the polymer improves
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the elastic and piezoelectric properties of the piezoelectric fiber nanocomposites. At the
fiber volume fraction of 60%, the nanocomposite with polyimide filled with 3% silica
exhibits a 39% improvement in the transverse Young’s modulus, which is almost a 32%
improvement in transverse shear modulus and 37% improvement in the piezoelectric
coefficient compared to the composite without nanoparticles. It was also shown that the
piezoelectric—elastic properties, described by the above-mentioned piezoelectric constants,
can be enhanced with a reduction in the diameter of the nanoparticles.

The second paper by Umer et al. (Contribution No. 2) deals with multifunctional
PCs containing micro/nano hybrid reinforcements, which are currently attracting intense
attention in the field of materials science and engineering. In the paper, a multi-phase ana-
lytical model was developed to study the effective electrical conductivity [30] of PCs with
silicon carbide microcarriers and carbon nanoparticles. Before the percolation threshold, it
was observed that the addition of nanoparticles with uniform dispersion can improve the
electrical conductivity of the PCs tested. It was also shown that the electrical conductivity
increases more by reducing the size of the nanoparticles.

Issues related to carbon fiber-reinforced polymer concrete beams for safety design
are addressed in the paper by Maidi et al. (Contribution No. 3). It presents the structural
response of such beams integrated with rigid frames during seismic events. Multi-scale sim-
ulations and parametric analyses were performed to optimize the residual state and global
performance. The main parameters considered were tensile and compressive reinforcement,
concrete strength, height-to-width ratio, cross-sectional coverage and confinement level, all
of which are important for understanding their impact on seismic performance [31]. The
results of the parametric analysis highlight the increased ductility and higher load carrying
capacity of the tested reinforced beams compared to reinforced concrete beams [32]. This
indicates that it is possible to design carbon fiber-reinforced polymer concrete components
that could enhance ductile frames with increased energy dissipation and be suitable for
use in non-corrosive seismic-resistant buildings.

Marashdeh and Madkhali (Contribution No. 4) considered heavy metal doping as a
means of enhancing the radiation protection efficiency of Nigella sativa eumelanin polymers.
The herbal polymer was doped with iron (Fe), copper (Cu) and zinc (Zn) and it was
examined how this doping affects the gamma ray shielding properties of the polymer.
The doping of eumelanin polymers with the aforementioned components has been shown
to be particularly effective in enhancing gamma ray protection at low energies, with Cu
providing the most significant overall improvement, making these composites suitable for
applications requiring enhanced radiation protection at lower gamma ray energies [33,34].

To improve the thermal and electrical properties of organic electronics, one potential re-
search area is the study of composite layers that combine semiconducting organic polymers
with inorganic nanoparticles, namely gold nanoparticles (AuNPs). One such promising
composite system is based on two semiconducting polymers, PDPP4T and PCPDTBT,
which are known for their small optical band gaps and high charge carrier mobility, making
them ideal candidates for organic solar cells [35]. The inclusion of AuNPs in the blends of
these polymers offers a unique opportunity to explore how nanoparticles affect the thermal
transformations in these materials, ultimately affecting material properties and device
performance. With this in mind, Jarka et al. (Contribution No. 5) used variable temperature
ellipsometry [36] to examine thermal transitions in PDPPAT /PCPDTBT/AuNPs composite
layers. They made their conclusions based on the developed phase diagram [37] for the
PDPP4T/PCPDTBT blend using variable temperature spectroscopic ellipsometry with
differential scanning calorimetry serving as a reference technique. The incorporation of
AuNPs was evaluated to significantly affect the thermal stability and crystallization of the
material, which is essential for organic field-effect transistor applications.
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Understanding the structural dynamics of semiflexible polymers in an implicit sol-
vent under different conditions provides valuable insights into their behavior in diverse
environments. For this reason, Williams and Gray (Contribution No. 6) investigated
the effect of the angular width of the bending potential on structural state behavior and
conformational variation using microcanonical analysis [38]. A range of angular widths
was considered, with the widest value corresponding directly to the classical semiflexible
polymer model [39]. It was shown that as angular width decreases, structural variability
within states decreases, structural state overlap decreases and conformations become more
stable, leading to an expansion of the parameter space dominated by individual structures.

It is well known that adding carbon and glass fibers to polymer matrices improves
their properties such as strength, stiffness and impact resistance. However, most of the
existing research on the effects of these additives mostly concerns the study of single
factors—such as fiber orientation, filling pattern or interlayer adhesion—without fully
considering the interaction of these parameters in practical load-bearing applications.
Furthermore, the intrinsic anisotropy of parts produced by Fused Deposition Modeling
(FDM) [40], compounded by inconsistencies in layer bonding and fiber deposition, increases
the complexity of predicting their mechanical properties. To address these challenges,
Nemes et al. (Contribution No. 7) conducted a comprehensive, full-field deformation
and damage analysis of carbon and glass fiber-reinforced 3D printing filaments based on
Polylactic Acid (PLA) and Polyethylene Terephthalate Glycol (PETG) [41]. The effects of
printing parameters—including infill pattern, density and structure orientation—were
investigated under both bending and compressive loading. The study found that although
carbon and glass composites provide a more stable structure, their mechanical properties
are generally inferior to PLA and PETG. These materials are less sensitive to changes
in fill pattern and fill factor, so their strength is more uniform across different printing
settings. Tests showed that the carbon and glass fiber PLA filaments behaved similarly, but
in terms of both tolerable force and achievable deformation, the carbon fiber PLA filament
performed slightly better. If bending is the expected stress for the structure, it is better
to use a basic PLA material, which showed better results than fiber-reinforced filaments.
Carbon fiber PLA and glass fiber PLA filaments have also been shown to perform better
with mesh infill patterns and lower infill densities. This can be of practical importance
when a low infill density has to be chosen (to optimize weight) [42] and when bending
stresses are expected. According to tests, the optimum infill value for these materials is
between 20 and 30%, so it was suggested that for load-bearing components there is no
reason to use a higher infill.

The growing demand for fully recyclable composites has spurred extensive research
into thermoplastics, valued for their recyclability and excellent mechanical properties.
Recently, thermoplastic polymer blends have gained attention for their enhanced recycla-
bility and sustainability, as well as their ability to improve thermal stability, viscosity and
manufacturability. However, limited data are available on the mechanical characteriza-
tion of composites that incorporate these blends, particularly for thermoplastic recycling.
To expand on this knowledge, Hao et al. (Contribution No. 8) investigated the stress—
strain behavior of the following three polymer blends relevant to structural applications:
PES/PEEK, PPS/PEEK and HDPE/PP. They then performed numerical analysis to predict
the mechanical properties of unidirectional FRCs using each of these blends as a matrix.
Representative Volume Element-based simulations [43,44] were used for this purpose.
Finally, the suitability of the blends tested to produce fully matrix-recycled composites was
critically evaluated. This has provided valuable preliminary insight into the mechanical
viability and sustainability benefits of using recycled thermoplastic blends as matrices for
unidirectional FRCs.
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The effect of resin composition on the photopolymerization of zirconia ceramics pro-
duced by digital light processing [45] using additive manufacturing (AM) was studied by
Kuang et al. (Contribution No. 9). An oligomer was considered as an additive to the photo-
sensitive resin. The dependence of the content of this additive on the viscosity and curing
properties of ceramic suspensions was investigated. The results demonstrated that the
introduction of oligomers is conducive to enhancing the cross-linking density and reducing
defects. Furthermore, zirconia ceramics fabricated by photopolymerization with oligomer
photosensitive resin have been shown to exhibit excellent mechanical properties, greatly
expanding the potential applications of high-performance zirconia ceramic components
using AM.

Rachtanapun et al. (Contribution No. 10) successfully developed antistatic and anti-
flammable biodegradable PCs by melt-blending polybutylene succinate with epoxy resin,
polybutylene adipate-co-terephthalate and MgO particles. The addition of MgO improved
the thermal decomposition behavior and water resistance of the blends, which could be
attributed to the high thermal stability and hydrophobicity of the metal particles. The
produced PCs showed an improvement in the V-1 rating [46] of flame retardancy, indicating
an enhancement in the flame retardancy of biodegradable composite films. MgO served
as a flame retardant, increasing the strength of the residual charcoal from the cross-linked
matrix. The antistatic properties of the composites were improved using both plasma
technology and the sparking process [47]. The antistatic effect of the plasma sputtering
process was found to be better than that of the sparking process, as the sputtering method
increased the uniform dispersion of metal nanoparticles on the composite surface. The
resulting antistatic and anti-flammable biodegradable PCs with improved properties have
potential for use in packaging, electronics and automotive applications.

3. Conclusions

The collective contributions to this Special Issue reflect a comprehensive and future-
oriented exploration of sustainable practices and innovative technologies in the field of
polymer composite and nanocomposite materials and products. The following conclusions
can be drawn from the content presented in the papers covered in this Special Issue:

1. The introduction of suitable nanoparticles or dopants into polymer composites leads
to improved piezoelectric properties and increased electrical conductivity efficiency,
but also, for example, to effectively increase protection against gamma radiation at
low energies.

2. The application of carbon fiber-reinforced polymer concrete offers hope for the possi-
bility of designing ductile frames with enhanced energy dissipation, suitable for use
in non-corrosive seismic-resistant buildings.

3. Adding carbon and glass fibers to polymer matrices used in 3D printing can improve
their properties such as strength, stiffness and impact resistance.

4. Thermoplastic polymer blends are gaining attention for their increased recyclability
and sustainability, as well as their ability to improve thermal stability or even flame
retardancy and broad manufacturing capabilities.

Conflicts of Interest: The author declares no conflicts of interest.
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Abbreviations

The following abbreviations are used in this paper:

AM Additive manufacturing

AuNPs Gold nanoparticles

FDM Fused Deposition Modeling

FRCs Fiber-reinforced composites

PCs Polymer composites

PETG Polyethylene Terephthalate Glycol
PLA Polylactic Acid

PNs Polymer nanocomposites
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Abstract: By using piezoelectric materials, it is possible to convert clean and renewable energy sources
into electrical energy. In this paper, the effect on the piezoelectro-elastic response of piezoelectric-fiber-
reinforced nanocomposites by adding silica nanoparticles into the polyimide matrix is investigated by
a micromechanical method. First, the Ji and Mori-Tanaka models are used to calculate the properties
of the nanoscale silica-filled polymer. The nanoparticle agglomeration and silica—polymer interphase
are considered in the micromechanical modeling. Then, considering the filled polymer as the matrix
and the piezoelectric fiber as the reinforcement, the Mori-Tanaka model is used to estimate the
elastic and piezoelectric constants of the piezoelectric fibrous nanocomposites. It was found that
adding silica nanoparticles into the polymer improves the elastic and piezoelectric properties of the
piezoelectric fibrous nanocomposites. When the fiber volume fraction is 60%, the nanocomposite
with the 3% silica-filled polyimide exhibits 39%, 31.8%, and 37% improvements in the transverse
Young’s modulus E7, transverse shear modulus Grr, and piezoelectric coefficient e3; in comparison
with the composite without nanoparticles. Furthermore, the piezoelectro-elastic properties such as
Et, GrL, and e3; can be improved as the nanoparticle diameter decreases. However, the elastic and
piezoelectric constants of the piezoelectric fibrous nanocomposites decrease once the nanoparticles
are agglomerated in the polymer matrix. A thick interphase with a high stiffness enhances the
nanocomposite’s piezoelectro-elastic performance. Also, the influence of volume fractions of the
silica nanoparticles and piezoelectric fibers on the nanocomposite properties is studied.

Keywords: PZT-polyimide composite; silica nanoparticle; piezoelectro-elastic properties; interphase;
micromechanics modeling

1. Introduction

Piezoelectric-fiber-reinforced polymer composites are used for various engineering
applications, such as in clean energy harvester devices from environmental sources and
in vibration control, structural health monitoring, and structural morphing [1-4]. The
improved mechanical flexibility, good stiffness/strength-to-weight ratio, reliability, and
tailorable properties have made piezoelectric fibrous composites more favorable for the
abovementioned applications as compared to neat piezoelectric materials [4-8]. Neverthe-
less, advances in electro-mechanical technologies have led to fast growth in the demand
for piezoelectric fibrous composites with better functionalities. So, the design of new
piezoelectric composites is an important issue for researchers and scientists.

The concept of using nano/micro-hybrid reinforcements in polymer composites has
emerged for the sake of improving their multifunctional properties. In these composites,
nano-sized reinforcements such as graphene nanoplatelets, carbon nanotubes (CNTs), and
silica nanoparticles are introduced alongside traditional micron-sized fibers [8-13]. For
example, Cui et al. [13] observed that carbon fiber-silica nanoparticle composites have
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better performance regarding interlaminar shear strength, impact strength, and flexural
strength compared with that of carbon fiber composites. Hwayyin et al. [14] indicated an
enhancement in the mechanical properties of carbon fiber—polyester composites at different
weights of nano-silicon dioxide. The outcomes showed an increment in the tensile stress
of 11.45% after an increase in the nanoparticle content from 0.16% wt. to 0.2% wt. [14].
Zheng et al. [15] studied the influence of silica nanoparticles on the mechanical properties
of glass-fiber-reinforced epoxy composites. It was observed that the increase in the silica
nanoparticle content yields an enhancement in the tensile modulus and compression
strength. Gang et al. [16] reported that an increase from 0% to 5% of the nanoparticle
volume fraction yielded an enhancement in the tensile modulus of a carbon fiber-silica
nanoparticle-polyimide composite from 2475 MPa to 2780 MPa. Tang et al. [17] measured
tensile properties in the transverse direction, interlaminar shear strength, and the mode I
and mode II interlaminar fracture toughness of carbon fiber composites with 10 wt% and
20 wt% silica nanoparticles dispersed into epoxy. The transverse tensile properties and
mode I interlaminar fracture toughness were improved by increasing the silica nanoparticle
content in the epoxy [17].

Such a concept has been employed to study the advantages of nanofiller-containing
matrices in improving the equivalent properties of piezoelectric fibrous composites. Kera-
mati et al. [12] analyzed a nanocomposite in which BaTiO; fibers were placed inside a
graphene nanosheet (GNS)-filled polymer. The addition of GNSs inside the polymer matrix
led to an improvement in the elastic properties, transverse coefficient of thermal expansion,
and piezoelectric coefficients e3; and eq5. The mechanical and piezoelectric characteristics
of piezoelectric fiber-CNT-reinforced nanocomposites were investigated by Hasanzadeh
et al. [18]. CNTs were randomly oriented into a polymer matrix. The mechanical proper-
ties and piezoelectric coefficient e3; of the piezoelectric nanocomposite containing CNTs
were improved over those of the piezoelectric composite without CNTs [18]. Godara
and Mahato [19] studied the elastic and piezoelectric coefficients of a nanocomposite in
which piezoelectric fibers were embedded into a CNT-reinforced polymer [19]. The use of
CNTs in piezoelectric-fiber-reinforced composites can enhance the structural / functional
properties [19].

Generally, evaluating the engineering constants of piezoelectric fibrous nanocom-
posites containing silica nanoparticles is crucial in designing structures constructed with
these materials. Many microstructural factors such as the amount, size, dispersion quality,
variation in properties, and nanoparticle-matrix interfacial interaction affect the overall
properties of silica-nanoparticle-containing composites [20-22]. Therefore, conducting
studies in this area is of significance [9,18,23-26].

To the best of the authors” knowledge, the piezoelectro-elastic properties of piezoelec-
tric fiber-nanoparticle-polymer nanocomposites with regard to the agglomeration and size
of the silica nanoparticles and the silica—polymer interphase have not yet been sufficiently
investigated. The novelty of this work comes from developing a hierarchical microme-
chanical method to comprehensively investigate the elastic and piezoelectric constants of
PZT-7A-silica—polyimide nanocomposites with variables of important microstructures. So,
the current research aims to evaluate the properties of a piezoelectric nanocomposite made
of unidirectional piezoelectric fibers embedded in a polyimide matrix with silica nanopar-
ticles. To achieve this, we developed a model using Ji’s approach and the Mori-Tanaka
method. After confirming the accuracy of the model, we studied how the volume, size,
and clumping of nanoparticles, as well as the thickness and stiffness of the silica—polymer
interface, affect the composite’s elastic and shear moduli and piezoelectric coefficients (e3;
and e33). One potential use for these nanocomposites is in energy-harvesting devices.

2. Micromechanical Analysis of Piezoelectric Fibrous Nanocomposites

The nanocomposite consists of unidirectional piezoelectric microfibers, silica nanopar-
ticles, and a polymer matrix. Figure 1 shows a representation of a lamina made of this
piezoelectric fibrous nanocomposite. The configuration of such a nanocomposite is such
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that piezoelectric fibers are embedded inside a nanoparticle-filled polymer. Note that the
piezoelectric fibers are aligned along the 3-direction. The dispersion of the silica nanoparti-
cles into the polymer matrix can be uniform or non-uniform. The interphase region shown
in this figure is considered due to the interaction between the nanoparticles and the polymer
matrix. In general, the representative volume element (RVE) of the nanocomposite system
may be treated as consisting of two phases, in which the reinforcement is the piezoelectric
fiber and the matrix is the nanoparticle-filled polymer. The micromechanical modeling
to predict the effective properties of piezoelectric fibrous nanocomposites is carried out
here in a two-step procedure. First, the elastic properties of the silica-nanoparticle-filled
polymer are calculated using the Ji and Mori-Tanaka models. Next, the Mori-Tanaka
model is employed to predict the overall piezoelectric coefficients and elastic moduli of the
piezoelectric fibrous nanocomposite.

Piezoelectric fiber y

Figure 1. Demonstration of the piezoelectric fibrous nanocomposite with a silica-nanoparticle-filled
polymer matrix.

2.1. Silica-Nanoparticle-Filled Polymer

In this sub-section, a micromechanics approach is presented to estimate the effective
properties of the polymer matrix containing silica nanoparticles. Micromechanical models pre-
dict the composite properties in terms of the volume fraction, geometry of fillers, and material
properties of constituents [27-30]. Concerning the nanoparticle-filled polymer systems, it is
required to incorporate the interphase between the nanoparticle and the polymer matrix in the
simulation [20,29,31-33]. The interfacial region possesses material properties in between those
of the polymer matrix and those of the nanoparticle [20,22,31,32,34]. In the micromechanical
simulation, the interphase is considered as the third phase, which surrounds the silica
nanoparticles, as shown in Figure 1. The Young’'s modulus of the silica-filled polymer
materials with the interphase can be estimated by the Ji model [35,36] as follows:

-1

Enc =En|(1—A)+ AP + _‘? (1)

1=+ 250 " (1 - p) + QB | By

in which E;; and Enp are the Young’s moduli of the matrix and nanoparticle, respectively.
The values of A, B, and k are given by

3

A= \/ (o +1) onn, B = vows k=5~ @
NP m

where ¢np and dyp are the volume fraction and diameter of the nanoparticle, and E; and

t; are the Young’s modulus and thickness of the interphase, respectively. The Young’s

modulus of the silica-filled polymer materials in the absence of the interphase, i.e., a

two-phase composite, is [36]
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Poisson’s ratio of a nanoparticle-filled polymer can be estimated by the rule of the
mixture as vyc = UNp@NP + Um(1 — @np), in which vyp and v, are Poisson’s ratio of the
nanoparticle and matrix, respectively.

Silica nanoparticles tend to form agglomerates, which leads to poor distribution into
the polymer matrix during the fabrication process [20,37,38]. The non-uniform distribution
and formation of nanoparticle agglomeration may be mostly attributed to their great
specific surface area and high surface energy [37,38]. A two-parameter micromechanical
technique is employed to investigate the effect of nanoparticle agglomeration on the
effective properties of the nanoparticle-filled polymer [39—41]. A number of nanoparticles
are supposed to uniformly disperse into the polymer, and other nanoparticles appear in
the agglomeration state. The whole volume of the nanoparticles in the RVE of the filled
polymer specified by Vyp is divided into the following two parts:

Enc = En |(1-8) + ®)

Vnp = V;f]gpg + VKI"IE 4)

where sz,%;g is the volume of nanoparticles inside the agglomerated phase and V{}, denotes
the volume of nanoparticles in the polymer matrix and outside the agglomerates. The
definition of these two parameters for the agglomeration is as follows:

agg
g = Yoss o VNb )
v’ Vnp

where V is the volume of the filled polymer RVE and V,¢¢ denotes the volume of the
agglomerate phase within the RVE [39-41]. Thus, the volume fraction of nanoparticles in
the agglomeration phase ¢y} and in the polymer matrix and outside the agglomerates
@§/p is determined as

Vs g Vnp = Vais  1-¢

ag8 _ NP __ em __ /NP NP __

= —— = Z@NP/ = = NP (6)
(pNP Vﬂgg gqo (PNP VvV — Vﬂgg 1— gq)

We analyze the nanoparticle-filled polymer as a system consisting of agglomerates
of spherical shape embedded in a new matrix. We initially predict Young’s modulus
and Poisson’s ratio of the agglomerate and the new matrix phases by the Ji model and
the rule of mixture. The Young’s modulus and Poisson’s ratio are then used to calculate
the bulk modulus and shear modulus. Using the bulk moduli and shear moduli of the
agglomerate (Kggg, Gagg) and the new matrix (Kep, Gem), the equivalent bulk modulus (Knc)
and shear modulus (Gyc) of the nanoparticle-filled polymer system with the nanoparticle
agglomeration are predicted by the Mori-Tanaka model [39-41], respectively,

ek 1)

Kne = K Kom, 7
NC em + 1 + 1_5 (Kﬂgg B 1) em ( )

1+§%$ Kem

_ ¢ 1)
GNC = GE’I’I’! + (6+121C<;em) Gem' (8)

o2k ) (1 — my((Cuss _
1+(15+20%)(1 C)<Gem 1)

Thus, the elastic properties of a nanoparticle-filled polymer considering the inter-

phase region and agglomeration of nanoparticles can be achieved by the micromechanical
technique developed in this section.

11
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2.2. Piezoelectric Fiber Composites

Now, a micromechanical model can be adopted to estimate the equivalent properties
of piezoelectric fibrous nanocomposites. By the means of the conventional indicial notation,
the constitutive equations of piezoelectric materials are as follows [42—-44]:

0ij = Cijmn€mn + €nijEn ©)
D; = €jmnemn — kinEn
where the repeated sub-scripts are summed over the range of 7, j,m,n =1,2,3, and 7ij and €,
stand for the stress and strain tensors, respectively. E, and D; stand for the electric field and
the electric displacement vectors, respectively. Cijimn, €nijs and k;,, denote the elastic stiffness
and piezoelectric and permittivity tensors, respectively. Divergence equations expressing the
mechanical equilibrium and Gauss’ law can be given by Equation (10) [44], respectively:

7ijj =0 10

Dii=0 10

Moreover, the gradient equations defining the strain displacement equations and
electric field potential are expressed, respectively:

o .
£ij - j(ulr] + u]/l) (11)
Ei=—¢,;

in which #; and ¢ stand for the mechanical displacement and electric potential, respectively.

The components of piezoelectric fibrous nanocomposites are the nanoparticle-filled
polymer as the matrix phase and the piezoelectric fibers as the reinforcing phase. On
the basis of the Mori-Tanaka micromechanical approach and considering v, and v, as
the volume fraction of the matrix and fiber, respectively, the electro-elastic constants of
piezoelectric fibrous nanocomposites can be estimated as

~C ~Mm ~T ~Mm
=C +vr<c -C )B 12)

~T ~Mm
in which C and C are the electro-elastic modulus matrices for the reinforcement and
matrix, respectively, and the piezoelectric concentration tensor is defined as follows:

[ ~m\~1l/ir ~m
I+S|C ) (C -C >

where S is the Eshelby tensor and its components can be found in the literature [18,24,27,44].
It is worth mentioning that all simulation procedures and numerical results obtained in this
research have been performed using codes written in MATLAB(R2024b) software. Also, it
should be noted that all formulations used for the simulations in MATLAB software are
analytical relations, and the finite element method has not been employed.

-1

B = A[v,l+v,A] A= , (13)

3. Results and Discussion

In this section, we first present the numerical results of the Young’s moduli, shear
moduli, and piezoelectric coefficients of PZT-7A fiber-reinforced nanocomposites with the
silica-nanoparticle-filled polyimide matrix. Then, some comparisons are made between the
present predictions and other results available in the literature [45,46].

3.1. Piezoelectro-Elastic Response of Piezoelectric Fibrous Nanocomposites

The micromechanical model consisting of Ji’'s model, the rule of mixture, and the Mori-
Tanaka model is used to investigate the effective constants of the piezoelectric fibrous nanocom-
posite. The constituents of the composite are PZT-7A, polyimide, and silica nanoparticles. The

12
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Young’s modulus and Poisson’s ratio of the polyimide and silica nanoparticles are 3.78 GPa
and 0.4 and 73 GPa and 0.23 [20,22,44], respectively. Table 1 lists the properties of the PZT-7A
fiber. The piezoelectric fiber volume fraction is considered to be 60%. The diameter of the
silica nanoparticles and their volume fraction into the polyimide matrix are 30 nm and 3%,
respectively. Also, the Young’s modulus, Poisson’s ratio, and thickness of the interphase
region are taken as E; = 10E,,, 0.4, and t; = 0.5dp [20,31], respectively.

Table 1. Material constants of PZT5 fiber, epoxy, and PZT-7A fiber [9,44].

Material PZT5 Epoxy PZT-7A
C11 (GPa) 121 8 148
C12 (GPa) 75.4 4.4 76.2
C13 (GPa) 75.2 4.4 74.2
C2 (GPa) 121 8 148
Co3 (GPa) 75.2 4.4 74.2
C33 (GPa) 111 8 131
Cy4 (GPa) 21.1 1.8 25.4
Ce6 (GPa) 22.8 1.8 35.9
e31 (C/m?) —5.4 0 -2.1
e33 (C/m?) 9.5 0 9.5

Figure 2 shows the influence of adding silica nanoparticles on the material constants
of the piezoelectric fibrous nanocomposites. The numerical results are presented for two
values of nanoparticle volume fraction (NPVF), 3% and 5%. The material properties of
piezoelectric fibrous composites without nano-inclusions are also illustrated in the figure.
Figure 2a indicates the results of the longitudinal Young’s modulus versus piezoelectric
fiber volume fraction. Incorporating nano-inclusions into the polymer matrix insignif-
icantly affects the longitudinal Young’s modulus. This is attributed to the fact that the
longitudinal properties of long fiber-reinforced composites are mostly dominated by the
material properties and content of fibers [9,18,47,48]. It can be seen in Figure 2a that Young's
modulus in the direction parallel to the fiber direction linearly increases as the piezoelectric
fiber volume fraction increases. Figure 2b shows the variation in the transverse Young's
modulus of the piezoelectric fibrous nanocomposites with the piezoelectric fiber volume
fraction. The transverse Young’s modulus notably depends on the nanoparticles in the
polyimide matrix. The value of Et of the silica-nanoparticle-containing nanocomposite
is greater than that of the composite without silica nanoparticles. When the piezoelectric
fiber volume fraction is 60%, the nanocomposite with a 3% silica-nanoparticle-containing
polyimide exhibits a 39% improvement in the transverse Young’s modulus in comparison
with the composite without nanoparticles. Adding silica nanoparticles within the poly-
imide provides a relatively stronger matrix that is potentially beneficial for the transverse
Young'’s modulus of the piezoelectric fibrous nanocomposites. The increase in the silica
nanoparticle amount aids the nanocomposite in obtaining a higher value of the transverse
Young’s modulus. A similar trend has been found for other types of nanofillers [9,18,48].
It is shown in Figure 2b that the Young’s modulus in the direction perpendicular to the
piezoelectric fiber nonlinearly increases as the fiber volume fraction increases. Based on the
results observed in Figure 2c,d, adding silica nanoparticles is generally beneficial to shear
moduli in the longitudinal and transverse directions. Both shear moduli are enhanced by
increasing the piezoelectric fiber volume fraction. The values of the transverse shear modu-
lus of the 60% piezoelectric-fiber-reinforced composite without nanoparticles and with a
3% nanoparticle content are calculated as 6.04 GPa and 7.96 GPa, respectively. Figure 2e
depicts the piezoelectric coefficient e3; of the piezoelectric fibrous nanocomposites versus
the piezoelectric fiber volume fraction. The value of piezoelectric coefficient e3; can be
significantly improved as a result of the nanoparticle addition into the polyimide matrix. A
major contribution to the piezoelectric coefficient e31 is from the polymer matrix properties.
Compared to the piezoelectric fibrous composite, the piezoelectric coefficient e3; of the
piezoelectric fibrous nanocomposite containing a 3% silica-nanoparticle-filled polyimide
matrix exhibits an upward trend with an approximate 37% improvement. Therefore, in-
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corporating nanofillers into the polymer can enhance the in-plane actuation property of
piezoelectric fibrous nanocomposites over that of a traditional piezoelectric fibrous compos-
ite without nanofillers. This trend has been reported for other composite systems containing
CNTs [9,18,19]. The piezoelectric coefficient e3; of piezoelectric fibrous nanocomposites
exhibits an improvement through the increase in the piezoelectric fiber volume fraction.
Figure 2f displays the piezoelectric coefficient es3 versus the fiber volume fraction. There is
no effect of silica nanoparticles on the piezoelectric coefficient e33 because its value is mostly
dominated by the piezoelectric property of the fiber. A linear increase is obtained for the
piezoelectric coefficient e33 as the piezoelectric fiber volume fraction increases. Because the
piezoelectric constant e3; and the elastic properties such as Et and Gy, of the piezoelectric
fibrous nanocomposite containing silica nanoparticles are improved, this composite has
good potential for use as a superior actuator material for intelligent structures with a great
in-plane actuation option [9,12].

The micromechanical results for investigating the role of the interfacial zone between
the silica nanoparticles and polyimide matrix in the material constants of the piezoelectric
fibrous nanocomposites are presented in Figure 3. It is worth pointing out that the interphase
does not have a notable contribution to the Young’s modulus in the longitudinal direction, as
seen in Figure 3a. It may be concluded from Figure 3b—d that the formation of the interfacial
region is beneficial to the transverse Young’s modulus and both shear moduli. Relative to
the composite system without the interphase, an increasing trend is observed for these three
elastic moduli of the nanocomposite with the interphase. The results of Figure 3e disclose that
the interphase tends to improve the piezoelectric coefficient e3;. A literature survey shows
that the interphase between the polymer matrix and CNTs can contribute to the improvement
of the overall properties of piezoelectric-CNT nanocomposites [18]. As shown in Figure 3f, the
piezoelectric coefficient e33 exhibits no variation in the presence or absence of the interphase.

Generally, the interphase has properties in between those of the nanoparticle and
those of the polymer matrix [20,22,29,31,32,34]. To better evaluate the effect of interphase
characteristics on the material constants of piezoelectric fibrous nanocomposites, a microme-
chanical analysis is conducted with different values of interphase stiffness and thickness.
The results of the transverse Young’s modulus, longitudinal shear modulus, transverse
shear modulus, and piezoelectric coefficient e3; with changing the interphase elastic mod-
ulus are shown in Figure 4a—d, respectively. The effective properties of the piezoelectric
fibrous nanocomposite can be enhanced with increasing the interphase elastic modulus.
It is noted that a stiffer interphase can increase the mechanical properties of the polymer
matrix [18,20,22,29]. One of the ways to enhance the mechanical properties of the interfacial
region may be nanoparticle surface treatment.
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Figure 2. Cont.
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Figure 2. Influence of nanoparticle volume fraction on the (a) longitudinal Young’s modulus, (b) trans-
verse Young’s modulus, (c) longitudinal shear modulus, (d) transverse shear modulus, (e) piezo-
electric coefficient e31, and (f) piezoelectric coefficient e33 of the piezoelectric fibrous nanocomposite
containing silica nanoparticles.

The influence of changing the interphase thickness on the properties of nanocompos-
ites, including Et, Gr1, Gr1, and e3;, is depicted in Figure 5a—d, respectively. The increase
in interphase thickness significantly improves the elastic and piezoelectric constants. Dif-
ferent methods for nanoparticle functionalization may produce interphases with variable
thicknesses. By increasing the interphase thickness from 1 nm to 15 nm, the improvement in
the transverse elastic modulus with a 3% silica-nanoparticle-containing polyimide matrix is
calculated to be about 20.5%. In turn, for the piezoelectric coefficient e31, the improvement
is about 26%. It is worth mentioning that the in-plane actuation caused by the piezoelectric
composite is increased by tailoring the piezoelectric constant e3; [9,47]. An important
conclusion from the above micromechanical studies is the production of a stiff and thick
interphase in the nanocomposite fabrication. This is due to the increased stiffness of the
polymer matrix by adding nanoparticles, as reported in previous studies [18,20,22,29].
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Figure 3. Influence of interphase region on the (a) longitudinal Young’s modulus, (b) transverse
Young’s modulus, (c) longitudinal shear modulus, (d) transverse shear modulus, (e) piezoelectric co-
efficient e31, and (f) piezoelectric coefficient e33 of the piezoelectric fibrous nanocomposite containing
silica nanoparticles.
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Figure 4. Variation in (a) transverse Young’s modulus, (b) longitudinal shear modulus, (c) transverse
shear modulus, and (d) piezoelectric coefficient e3; of piezoelectric fibrous nanocomposite with
interphase elastic modulus.

The influence of the silica nanoparticle diameter on the mechanical properties and
piezoelectric coefficients of piezoelectric fibrous nanocomposites is studied, and the results
are displayed in Figure 6. As seen in Figure 6a, the values for the longitudinal Young's
modulus with different nanoparticle diameters are close to each other, indicating the in-
significant contribution of nanoparticle size to this elastic property. It is seen from Figure 6b
that the addition of uniformly dispersed silica nanoparticles with smaller sizes results in an
increase in the Young’s modulus in the transverse direction. This may be explained by the
interphase contribution to the final properties of nanocomposites becoming more promi-
nent as the nanoparticle size decreases [20,48]. A notable enhancement in the shear moduli
along both the longitudinal and transverse directions can be observed by the decrease in
nanoparticle size, as shown in Figure 6¢,d. The results of Figure 6e disclose that a smaller
size of silica nanoparticles is required so as to further improve the piezoelectric coefficient
e31 of the nanocomposites. In the case of the nanocomposite with a 3% silica-nanoparticle-
containing polyimide matrix, the improvement is about 50% by decreasing the nanoparticle
diameter from 100 nm to 20 nm. As dyp > 100 nm, the change in nanoparticle diameter
does not affect the elastic moduli or the piezoelectric coefficient e3;. The main reason for this
behavior may be the reduced effect of the interphase. As the size of the nanoscale particles
increases and goes to the microscale, the role of the interphase in the effective properties of
the nanocomposites decreases. According to the outcomes of Figure 6f, the piezoelectric
coefficient e33 of the nanocomposites does not depend on the nano-inclusion size since
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the piezoelectric fibers have the main role in this property. Thus, the hybridization of the
piezoelectric fibers with smaller nanoparticles induces better elastic moduli E1, Gy, and
Gt and a better piezoelectric coefficient es;.
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Figure 5. Variation in (a) transverse Young’s modulus, (b) longitudinal shear modulus, (c) transverse
shear modulus, and (d) piezoelectric coefficient e3; of piezoelectric fibrous nanocomposite with
interphase thickness.

To study the effect of dispersion quality of silica nanoparticles, the elastic moduli and
piezoelectric coefficients of the piezoelectric fibrous nanocomposites are calculated for two
conditions, including a uniform dispersion and an agglomerated state ({ = 0.9, ¢ = 0.1).
The numerical results of the micromechanical analysis are presented in Figure 7a—f. In this
sensitivity study, the nanoparticle volume fraction is 5%. It is observed from Figure 7a that
the longitudinal Young’s modulus is minimally affected by the non-uniform dispersion of the
nanoparticles. The other three elastic constants, the transverse Young’s modulus, longitudinal
shear modulus, and transverse shear modulus, appear to significantly decrease due to the
formation of silica nanoparticle agglomeration (Figure 7b—d). The agglomeration of the silica
nanoparticles produces a negative effect on the piezoelectric coefficient e3;. As compared to
the uniformly dispersed case, a decrease of about 29.2% in the piezoelectric coefficient e3;
is observed by forming the agglomeration. As mentioned in previous studies [20,37,38,48],
nanoparticle agglomeration leads to a reduction in the mechanical properties of polymer ma-
trix nanocomposites. The nanocomposite containing uniformly dispersed silica nanoparticles
exhibits a higher piezoelectric coefficient e3; than that containing agglomerated nanoparticles.
It is shown in Figure 7f that the dispersion quality does not affect the estimated piezoelectric
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coefficient e33. Uniformly dispersing and avoiding the agglomeration of nanoparticles into the
polymer matrix are critical for advanced composite materials to take the maximum material
constants, i.e., Er, G, G, and e31.
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Figure 6. Influence of silica nanoparticle diameter on the (a) longitudinal Young’s modulus, (b) trans-
verse Young’s modulus, (c) longitudinal shear modulus, (d) transverse shear modulus, (e) piezo-
electric coefficient e31, and (f) piezoelectric coefficient e33 of the piezoelectric fibrous nanocomposite
containing silica nanoparticles.

19



Polymers 2024, 16, 2860

@ ® * .
a— Agglomerated nanoparticles —a2— Agglomerated nanoparticles
* R [ Y — X
e . - Uniformly disperse
X Umforml_y dispersed nanoparticles
40 nanoparticles X
= =
g 30 S
S 5
20
10
4
0 T T T T T 0 T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
PZT fiber volume fraction (%) PZT fiber volume fraction (%)
15 15
(9 (d) .
—=a— Agglomerated nanoparticles —#— Agglomerated nanoparticles
12 12
X - Uniformly dispersed o Umforml_y ditpepmed
: nanoparticles
< <
: g |. nanoparticles X ': o |
< e
S g
© O
6
3
0 T T T T T 0t T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
PZT fiber volume fraction (%) PZT fiber volume fraction (%)
(e) PZT fiber volume fraction (%) ) ?
0 10 20 30 40 50 60 —a— Agglomerated nanoparticles
0 75
X+ Uniformly dispersed
20.08 6} nanoparticles
E
& Q
& =
O -0.16 <
&
-0.24
—a— Agglomerated nanoparticles
-0.32
X - Uniformly dispersed 0 ' ' ' j J
nanoparticles 0 10 20 30 40 50 60
-0.4 PZT fiber volume fraction (%)

Figure 7. Influence of silica nanoparticle dispersion quality on the (a) longitudinal Young’s modu-
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(e) piezoelectric coefficient e31, and (f) piezoelectric coefficient es3 of the piezoelectric fibrous nanocom-
posite containing silica nanoparticles.

The results of the micromechanical analysis with silica and alumina nanoparticles
individually incorporated into the polyimide matrix are presented in Figure 8. The volume
fraction and diameter for both nanoparticles are identical. The influence of the interphase
stiffness on the effective properties of the piezoelectric fibrous nanocomposites is also
examined. The change in the interphase stiffness is taken in a range from the soft material
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to the stiff material. The soft interphase (E; 5,f;) can be categorized as the material having
very low stiffness in comparison with the reinforcement stiffness [49] as

Enp+E
Eisoft = — 55— (14)

The stiff interphase (E; st¢f) can be categorized as the material having an average value of
reinforcement and matrix stiffness and is very high in comparison with the matrix stiffness [49] as

Eoo— Enp+ En 15
istiff — 2 (15)
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Figure 8. Influence of nanoparticle types on the (a) longitudinal Young’s modulus, (b) transverse Young's
modulus, (c) longitudinal shear modulus, (d) transverse shear modulus, (e) piezoelectric coefficient e,
and (f) piezoelectric coefficient e33 of the piezoelectric fibrous nanocomposite containing nanoparticles.
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On the basis of the outcomes shown in Figure 8a,f, the incorporation of different
types of nano-inclusions has a negligible effect on the longitudinal Young’s modulus and
piezoelectric coefficient e33. In contrast, changes in the nano-inclusion type embedded
within the matrix affect the elastic moduli E7, Gy, and Gt and the piezoelectric coefficient
e31 of the nanocomposites, as shown in Figure 8b—e. Compared to the silica nanoparticles,
the use of alumina nanoparticles in the polyimide matrix can further improve these material
properties. Again, nanocomposites with a stiff interphase show higher elastic moduli Er,
Grr, and Gt and a higher piezoelectric coefficient e3; than those with a soft interphase. Due
to the good mechanical and piezoelectric properties, the piezoelectric fiber-nanoparticle—
polymer nanocomposites can find various industrial applications, such as in actuators,
sensors, and energy-harvesting devices [9,12,26].

3.2. Comparisons with Experimental and Numerical Results

Now, the predictions are compared with the available experimental data of some silica-
filled polymer composites for validating the micromechanical model. Figure 9 presents
a comparison between the present predictions and experimental data [45] of the Young's
modulus of silica-nanoparticle-filled poly(ether-ether-ketone) (PEEK) nanocomposites.
Micromechanical tests are carried out in two different states: (1) in the presence of an
interphase with k = 5, t; = 0.25 x dyp and (2) in the absence of an interphase. The
silica nanoparticles with a mean diameter ~30 nm are uniformly dispersed in the polymer
matrix. The Young’s moduli of the silica nanoparticle and PEEK matrix are 73 GPa and
3.9 GPa, respectively. Figure 9 shows that the model without the interphase agrees better
with the experiments for lower values of nanoparticle volume fraction. However, at
higher nanoparticle contents, the model predictions with the interfacial region between the
nanoparticles and polymer matrix give a more reasonable agreement as compared to the
experiments [45]. The interphase region with a higher Young’s modulus than that of the
matrix material increases the Young’s modulus of the nanocomposites significantly.
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Figure 9. Present predictions for Young’s modulus of silica-nanoparticle-filled PEEK nanocomposites
compared to experimental data [45].

The Young’s modulus of the silica-nanoparticle-filled nylon-6 nanocomposites de-
termined by the present micromechanics method are compared with the experimental
data [46]. Figure 10 shows the outcome of this comparison. The effect of considering the
interphase in the micromechanical modeling on the final elastic modulus is also examined.
It is observed that the two sets of results evaluated by the micromechanical model by taking
the interphase region and the experimental route are in a good agreement.
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Figure 10. Present predictions for Young’s modulus of silica-nanoparticle-filled nylon-6 nanocompos-

ites compared to experimental data [46].

In another comparison, two effective properties of the PZT5-fiber-reinforced epoxy
composite including the elastic constant C33 and piezoelectric coefficient e3; predicted
by the present micromechanical model are compared with the Mori-Tanaka predictions
carried out in [9]. The material constants of the PZT5 fiber as well as the epoxy are given
in Table 1 [9,44]. It is shown in Figure 11a,b that the two sets of results are in a very good
agreement for both effective constants.
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Figure 11. Comparison between the results of the present model and results of [9] for (a) elastic

constant C33 and (b) piezoelectric coefficient e3; of PZT5-fiber-reinforced epoxy composites.

Wang et al. [50] used silica nanoparticles to produce a polymer nanocomposite: methyl
methacrylate (MMA) was chosen as the matrix and copolymerized with a low amount
of cationic functional comonomer 2-(methacryloyloxy)ethyltrimethylammonium chloride
(MTC). Figure 12 shows another comparison between the present predictions and experi-
mental measurements [50] for the Young’s modulus of silica-nanoparticle-filled P(MMA-co-
MTC) nanocomposites. Silica nanoparticles have an average diameter of around 20 nm [50].
A good agreement is observed between the model predictions and the experimental mea-
surements at all nanoparticle contents.

23




Polymers 2024, 16, 2860

3.5
g 2™
S -0
_2 25 | ® .- -@
3 2=
g _ - -
& 5 - @
: e
> ®  Experiment, Wang et al. (2013)

1.5 f

- - - - Present study
1 r T T T
0 0.5 1 135 2 25

Nanoparticle weight fraction (%)

Figure 12. Present predictions for Young’s modulus of silica-nanoparticle-filled P(MMA-co-MTC)
nanocomposites compared to experimental data [50].

4. Conclusions

In this paper, the piezoelectro-elastic coefficients of PZT-7A-fiber-reinforced nanocom-
posites with a silica-nanoparticle-filled polyimide matrix were evaluated. First, the Ji and
Mori-Tanaka models were hierarchically employed to predict the elastic properties of the
silica-nanoparticle-filled polymer. The nanoparticle-polymer interphase and the nanoparti-
cle agglomeration were included in the analysis. Then, considering the nanoparticle-filled
polymer as the matrix and the piezoelectric fiber as the reinforcement, the Mori-Tanaka
model was employed to predict the elastic and piezoelectric constants of the piezoelectric
fibrous nanocomposites. A good agreement was observed between the present predictions
and other results available in the literature. The results showed that adding silica nanopar-
ticles into the polyimide matrix improves the elastic and piezoelectric properties (Et, G,
G, and e31) of the piezoelectric fibrous nanocomposites. As compared to the composite
without nanoparticles, 39%, 31.8%, and 37% improvements in the values of Et, Gry, and
the piezoelectric coefficient e3; were observed once the volume fractions of the fiber and
nanoparticle were 60% and 3%, respectively. More improvement in the elastic moduli E,
Grr, and Gt and the piezoelectric coefficient e3; was found by decreasing the nanoparticle
diameter. A thicker and stiffer interphase led to an increase in the elastic moduli Et, Gy1,
and Gty and the piezoelectric coefficient e3; of the piezoelectric fibrous nanocomposites.
However, the nanoparticle agglomeration that formed in the polymer matrix decreased
the elastic moduli E7, Gy, and Gty and the piezoelectric coefficient e3;. It was observed
that increasing the piezoelectric fiber volume fraction increased the piezoelectro-elastic
constants of the piezoelectric fibrous nanocomposites.
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Abstract: Multifunctional polymer composites containing micro/nano hybrid reinforce-
ments have attracted intensive attention in the field of materials science and engineering.
This paper develops a multi-phase analytical model for investigating the effective electrical
conductivity of micro-silicon carbide (SiC) whisker/nano-carbon black (CB) polymer com-
posites. First, CB nanoparticles are dispersed within the non-conducting epoxy to achieve a
conductive CB-filled nanocomposite and its electrical conductivity is predicted. Some criti-
cal microstructures such as volume percentage and size of nanoparticles, and interphase
characteristics surrounding the CB are micromechanically captured. Next, the electrical
conductivity of randomly oriented SiC-containing composites in which the nanocomposite
and whisker are considered as the matrix and reinforcement phases, respectively, is esti-
mated. Influences of whisker aspect ratio and volume fraction on the effective electrical
conductivity of the SiC/CB-containing polymer composites are explored. Some compar-
ison studies are performed to validate the accuracy of the model. It is observed before
the percolation threshold that the addition of nanoparticles with a uniform dispersion can
improve the electrical conductivity of the polymer composites containing SiC/CB hybrids.
Moreover, the results show that the electrical conductivity is more enhanced by the decrease
in nanoparticle size. Interestingly, the composite percolation threshold is significantly re-
duced when SiC whiskers with a higher aspect ratio are added. This work will be favorable
for the design of electro-conductive polymer composites with high performances.

Keywords: electrical property; polymer composite; hybrid fillers; aspect ratio; multi-phase model

1. Introduction

Polymer composites containing micro/nano hybrid reinforcements have increas-
ingly attracted attention in materials science, particularly in applications requiring both
lightweight and high electrical conductivity [1,2]. Polymer composite materials, despite
their widespread use in structural applications, suffer from inherently low electrical con-
ductivity, particularly in non-conductive polymer matrices (~ 10~1°~10~% S/m), which
limits their functionality in aerospace and electronics industries [1,2]. This necessitates the
addition of conductive nanofillers to significantly enhance electrical conductivity while
retaining the mechanical advantages of the composite structure [3,4].

Silicon carbide whiskers and carbon black nanoparticles are emerging as effective
hybrid fillers due to their potential to enhance electrical properties, making them ideal for
advanced applications in electronics, energy storage, and aerospace. Zhang et al. fabricated

Polymers 2025, 17,128 https://doi.org/10.3390/ polym17020128
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a composite with copper matrix and SiC whiskers as the reinforcing phase by means of
the co-electrodeposition technology [5]. They concluded that the manufactured composite
displays improved shear strength and enhanced thermal conductivity. Fan and colleagues
presented a comprehensive review of the application of carbon black as the reinforcing
phase [6]. First, the physical and chemical characteristics of CB were characterized in
conjunction with the mixing procedure, and afterward, eight reinforcing mechanisms of
CB were listed and summarized. The inclusion of CB nanoparticles into a non-conductive
polymer matrix can transform the material into a conductive composite, primarily through
the formation of conductive networks at the percolation threshold [7,8]. However, a critical
challenge with CB is that achieving percolation often requires a high volume fraction
of CB, which can compromise the mechanical integrity of the composite [9]. Mazaheri
et al. scrutinized the electrical conductivity and percolation characteristics of polymer
nanocomposites (PNCs) consisting of CB spherical particles as the reinforcing phase [10].
Their analytical modeling considered the influence of interphase region, quantum electron
tunneling, volume fraction, radius, and filler/interphase/matrix conductivities. Despite
the high percolation threshold, CB remains a popular choice due to its cost-effectiveness
and superior electrical properties compared to other nanofillers such as carbon nanotubes
(CNTs) and graphene nanoplatelets (GNPs). CB exhibits a rapid increase in electrical
conductivity near the percolation point, primarily driven by electron tunneling between
particles [11,12]. However, the need for large amounts of CB can result in filler aggregation
and reduced processability, limiting its performance in polymer nanocomposites [13,14].

To address these limitations, hybrid systems combining micro- and nano-sized fillers
have been explored to optimize electrical performance while reducing filler content. Kim
et al. proposed an analytical method for composites containing multiple heterogeneities
with conductive coated layers to estimate the percolation threshold influence, the tunneling
influence by hard/soft core concept as well as the electrical conductivity of polymeric
composites with ellipsoidal fillers [12]. Saberi et al. explored the electrical conductivity
of short carbon fiber-reinforced nanocomposites enhanced with GNPs [15]. To this end, a
two-phase micromechanical modeling method was used to predict the effective electrical
conductivity of composites. They concluded that the hybrid nanocomposite displayed
better conductivity by increasing the volume fraction and aspect ratio of the GNP and
reducing its thickness. They also deduced that increasing the carbon fiber aspect ratio
results in higher conductivity. Previously, an analytical modeling approach was proposed
to investigate the electrical conductivity of hybrid CNT/CB/polymer nanocomposites [16].
The model incorporated cylindrical nanotubes and spherical CB fillers covered by an inter-
phase region serving as an electron hopping duct. Various materials may be used as the
reinforcing phase to enhance the electrical conductivity of polymeric composites which
require further investigation. In particular, SiC whiskers, known for their high aspect ratio,
mechanical strength, and good electrical properties, may provide a complementary scale
to CB, enhancing the formation of multi-scale conductive networks [17]. This synergistic
interaction between SiC whiskers and CB nanoparticles may significantly lower the perco-
lation threshold while improving electrical conductivity, as the whiskers serve as bridges
within the composite, facilitating more efficient electron transport [18-20].

In this work, an analytical micromechanics method with some important microstruc-
tures for predicting the effective electrical conductivity of polymer composites reinforced
with micro-SiC whiskers and CB nanoparticles is proposed which, to date, has not been
studied. This model captures critical microstructural parameters, including the volume
fraction and size of the CB nanoparticles, the interphase characteristics, and the aspect
ratio of the SiC whiskers. Initially, the electrical conductivity of the CB-filled nanocom-
posite is predicted, followed by an analysis of the hybrid SiC/CB system, where the SiC
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whiskers act as reinforcement within the conductive nanocomposite matrix. The perco-
lation behavior and the influence of whisker geometry and content are explored using a
micromechanics-based approach.

2. Analytical Modeling

The analytical procedure to estimate the equivalent electrical conductivity of the
polymer composite containing SiC/CB hybrids starts with the estimation of the electrical
conductivity of the polymeric nanocomposite material containing CB nanoparticles a
priori. For this purpose, incorporating the interaction between the nanoparticles and the
polymer may be a significant issue [12-16]. An equivalent solid continuum interphase
region is captured among the carbon-based nanoparticles and the polymer characterizing
the interaction. Subsequently, incorporating the polymeric nanocomposite as the matrix
phase and the SiC whisker as the reinforcements, the electrical conductivity of the hybrid
composite can be calculated. Figure 1a presents a schematic representation of the initial
configuration of the composite, depicted within a global XYZ coordinate system. The
figure illustrates the dispersion of CB nanoparticles, represented as red spheres, within a
non-conducting polymer matrix, shown in a purple hue. The coordinate axes are labeled
with the X, Y, and Z directions indicating the spatial arrangement of the representative
volume element (RVE).

2 Matrix Carbon Black

(a)

—

Figure 1. (a) RVE representing the random dispersion of CB nanoparticles, (b) SiC whiskers and
(c) RVE for the CB/SiC/polymer ternary hybrid composite.
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Additionally, the inset diagram highlights the geometric parameters associated with
the CB particles, including their radius R and the thickness of the surrounding inter-
phase t, which collectively contribute to the effective electrical properties of the composite.
Figure 1b shows the addition of SiC whiskers. Subsequently, Figure 1c illustrates the fi-
nal configuration of the hybrid composite, where the SiC whiskers, represented as blue
lines, are randomly oriented and dispersed throughout the CB-filled polymer matrix. This
arrangement is crucial for understanding the interactions between the micro and nano
reinforcements and their collective impact on the electrical conductivity of the hybrid
composite. The overarching goal of this representation is to facilitate a comprehensive
analysis of the structural and electrical characteristics of the CB/SiC hybrid composite,
ultimately leading to enhanced performance in electro-conductive applications.

2.1. Effective Electrical Conductivity of CB-Reinforced Nanocomposites

The initial step to determine the electrical conductivity of the polymeric nanocomposite
depicted in Figure 1a is the calculation of the electrical conductivity of the effective CB
nanofiller consisted of CB nanoparticle and interphase region. Then, the integration of CB
nanofiller with the polymer matrix is taken into account accordingly.

2.1.1. Electrical Conductivity of Effective CB Nanofillers

The electrical potential and conductivity of effective spherical CB nanoparticles under
an applied electric field can be derived by solving Laplace’s equation in spherical coordi-
nates with appropriate boundary conditions. The equation governing the electric potential
@ in spherical coordinates is given as follows [10,16,21]:

2g_ 1 9 (20 1 009 _
V(D_rzar "o Jrrzsineaﬂ 989 =0 M

where @ depends on the radial distance r and the polar angle 6. To solve for the electric

potential, boundary conditions are applied at the interfaces between the CB core, the
surrounding interphase layer, and the polymer matrix. Denoting the electric potentials in
the CB core, the interphase, and the matrix as ®cp, Pjyt, and Dy, respectively, the boundary
conditions at R and R + t are as follows [10,16]:

CIDCB‘V:R = q)int|r:R (2)

0D 0D;
—0CB aCB |r:R = *UintT;,m“:R (3)
qunt|r:R+t = cpm‘r:R-i—t (4)

ID 9D,
_UintTB|r:R+t —Om amt ’r R+t 5)

where ocp, 0int, o denote the electrical conductivities of the CB core, the interphase, and
the polymer matrix, sequentially. The azimuthal symmetry of the system implies that the
potential solution is independent of the azimuthal angle, reducing Laplace’s equation to
the following general solution for each region [10,16,22]:

> By,
Dcp(r,0) = ZE) (Apr"™ + nH)Pn(cosG) <R (6)
n=
9] ' on B/
D (r,0) = Y (Apr +- — 2 )Pa(cosf), R<r <R+t 7)

n=0

30



Polymers 2025, 17, 128

"

ad " B
@, (r,0) = Z()(Anr” + W%)Pn(cose), r>R+t 8)
n—=

By applying the boundary conditions, the coefficients are determined, and the electric
potential simplifies to the first-order terms (since higher-order terms vanish). Thus, the
electric potentials in the three regions become the following:

Dep(r,0) = Aqrcosd, r < R 9)
o, B
@, (1,0) = (Ajr + r—zl)cose, R<r<R+t (10)
B
D, (r,0) = | —Eor + 2 cosh, r > R+t (11)
The coefficients of the above equation are obtained from the boundary conditions
as follows:
A = _90—int‘7217{3EO (12)
(Gint+20m) (2030t + 0cB) — (55 (Tint=0m) (Cint—0cp)
20 + 0CB
A/ — int A 1
! 30int ! ( 3)
Tint — O
B — int CB R3A 14
! 3(71'111‘ ! ( )
3 B
B = (R+t)’(Aj + —1— +Eg 15
D= R0+ s ) (15
In addition, the electric fields (E = —V®) within the CB core and the interphase
region are as follows:
i 8<I>CB 1 aCDCB
Etp = — =— =-A 1
CB dj cos® or ! (16)
; 0d; 1 09; 2B
El- — mt:_ mt:_A/ “~1 17
int 0j cos® Or 15 (17)

where i € {x, y, z}. The equivalent electrical conductivity of the spherical CB nanoparticle
(0cp) is derived by solving the current density relation | = ocgE, where | and E are
the spatially averaged current densities and electric fields, in sequence. This yields the
following expression for the effective conductivity of a CB nanoparticle [10,16]:

30cBOintR® + Oint (207t + 0cp) {(R +1)° - RS} — 60t (0int — 0cp)In[(R +t) /R]

1
ocg =

307t R3 + (207 + 0cB) {(R +1)° - Rﬂ —6(0jnt — ocg)In[(R+1)/R]

2.1.2. Electrical Conductivity of CB/Polymer Nanocomposites

In a composite system where CB nanoparticles are dispersed within a polymer matrix,
the electrical conductivity o; is derived using a mean-field approximation. According to
Ohm'’s law, the current density (J) = 0;(E) relates to the external electric field Ey. The
internal current densities of the CB nanoparticles J%; and the matrix J¥ are given as
follows [10,16,23,24]:

J¢s= Y. ocs — Eo 19)
i=x,y,z ot + Bip (UéIB —0t)
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. 0t
in ok Eo (20)
" k:XZ,Y,Z "oy + B, (0k, — 01)

Substituting these expressions into the overall current density equation yields the following:

Ves 0t — 0¢p 1- VCB) 01 — oy, —0 (1)

(. + (
i i k (ok _—
i=Xx,Y,z Acp 0+ BCB (UCB - Ut) k=X,Y,Z acp /) ot + Bm (Um Ut)

where Vp is the volume fraction of CB nanoparticles, and acp = (RLH) ’ accounts for the
ratio of the CB core to the effective nanoparticle volume. The depolarization factors B¢cp
and By, are equal to 1/3 for the spherical particles.

Finally, the overall electrical conductivity of the CB/polymer nanocomposite is ob-
tained from the following equation:

[ Vca [ oy — 0cB L 4(0r — ocp) }+3< _ VCB) [M” =0 (22)

3acp |0t + Beg(ocg —0r)  20:+ (1 — Beg)(0cp — o) acp ) |20t + o

In this model, the electrical conductivity of the interphase region can be further
expressed as 0,y = AEdTCm,' where d. is the tunneling distance, R, is the contact area, and
Riyt is the tunneling resistance as reported in [10,16,25].

B d.h? o <4ndm/2mAl>
N,y I

where h, e, m, and A; are the Planck constant, electron charge, electron mass, and potential

Rint(dc)

(23)

barrier height, sequentially. This relation shows the impact of tunneling distance and
potential barrier height on the probability of electron transport across the interphase.

2.2. Effective Electrical Conductivity of SiC/CB Hybrid Composites

Dispersing CB nanoparticles into a non-conductive polymer such as epoxy transforms
the polymer into a conductive matrix. This modification enhances the general electrical
properties of the material, specifically improving the electrical conductivity of random SiC
composites. The electrical conductivity of the new matrix is computed using Equation
(22). Herein, a closed-form model designed to evaluate the electrical conductivity of the
ternary CB/SiC/polymer composite is presented. Assume an arbitrarily dispersion of
SiC whiskers within the conductive nanocomposite matrix. When the volume content
of SiC surpasses a certain critical threshold, the electrical conductivity of SiC composites
increases significantly. The percolation threshold (V) assuming a random distribution of
SiC whiskers, can be determined using the following expression [15,16,26]:

V(i) = OHO—H)

= "7 24
2+ 15H — 9H? @4

where H is obtained from the following equation:

\/%m@lu \/ AR? — 1> — 1] (25)

where AR represents the aspect ratio of SiC, defined as AR = [/ D, and / is the length and D
is the diameter of the SiC whisker. The percolation threshold represents the critical volume

1
AR%? -1

H(AR) =

fraction of SiC at which there is a noticeable and rapid increase in the electrical conductivity.
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The electrical conductivity of a microfiber-filled composite can be described by the
following equation [2,15]:

e Vsic | = Tsic 1
=1+ G PR S
Tm.con 3 gffm.con ( 2 0;;% +H

(26)

where 7y, o is the electrical conductivity of the conductive matrix. Additionally, os;c and
Vsic represent the electrical conductivity and the volume fraction of SiC, respectively. The
variable ¢ is the fraction of percolated SiC whiskers, and it can be roughly calculated as
follows [15,27]:

1/3 1/3
AL Sl @)
1—v3/3

It is worth mentioning that Vs;c ranges from V(- to 1, and the value of ¢ varies from 0
to 1.

3. Results and Discussion
3.1. Validation

In this section, the proposed modeling approach is validated by comparing its predic-
tions with the available results from the literature. Two sets of validation are performed:
first, the electrical conductivity of CB-reinforced polyurethane (PUR) nanocomposites
is compared with experimental data from the study by Rebeque et al. [28]; second, the
electrical conductivity of short carbon fiber (SCF) reinforced polymer-based composites is
validated against the results provided by Pal and Kumar [29].

First, the experimental data related to CB/PUR nanocomposites is scrutinized to
validate the developed formulation herein [28]. For the sake of comparison, the Planck
constant /i, the electron charge e, electron mass m, and potential barrier height A; are
considered as 6.626068 x 10~3* m?kg/s, —1.602176565 x 10~1°C, 9.10938291 x 10~%! kg,
and 1 eV, in sequence. The specifications of the CB, the interphase region, and the matrix
are as follows: radius of the CB R = 17.5 nm, thickness of the interphase t = 15 nm,
conductivity of the CB and PUR o¢cp = 200 S/m and ¢y, = 1.87 x 10 11S/m, respectively,
and the tunneling distance d. = 2 nm. The model’s predictions are compared with the
experimental data for different CB volume fractions to assess its accuracy in capturing the
percolation behavior and effective electrical conductivity. Figure 2 presents the comparison
between the predicted and experimental values of electrical conductivity for the CB/PUR
nanocomposites. The model accurately captures the rapid increase in conductivity as
the CB volume fraction exceeds the percolation threshold, showing good agreement with
experimental data [28].

The second validation is performed using the results of the electrical conductivity
for the SCF-reinforced polymer-based composites from Pal and Kumar [29]. The results
provide the relationship between composite electrical conductivity and SCF volume fraction
dispersed into the matrix. The electrical conductivities of SCF (0scr) and the matrix oy,
and the fiber aspect ratio AR are considered as 66,250 S/m, 1 S/m, and 100, respectively.
Present predictions of the electrical conductivity for the SCF-reinforced composites are
compared with the results reported in Ref. [29], and depicted in Figure 3. The comparison
indicates that the model successfully predicts the electrical conductivity behavior over a
range of SCF volume fractions, with a good alignment between the two sets of results across
the entire range. This suggests that the model can accurately represent the conductive
network formation within SCF/polymer composite systems, taking into account the aspect
ratio and volume fraction of the SCF reinforcements.
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Figure 2. Comparison between the present model predictions and the experimental results obtained
from the CB/PUR nanocomposite specimen [28].
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Figure 3. Comparison between the present model predictions and the results of Pal and Kumar for
the SCF/polymer-based composite specimen [29].

3.2. Parametric Studies

In this section, a comprehensive investigation on the multiscale modeling of ternary
CB/SiC/polymer hybrid composites is presented. To this end, a detailed parametric
study is conducted on the electrical conductivity of CB/SiC whisker-reinforced polymer
composites. The analysis focuses on the effect of several key parameters, such as the
volume fraction of CB and SiC, CB nanoparticle size, interphase thickness, SiC whisker
conductivity, and aspect ratio on the effective electrical conductivity of the composites. The
specifications of the polymer matrix, CB, and SiC whiskers are provided in Table 1 [15,16,29-
31]. These values are used as the base parameters for the simulation, and any variations or
adjustments to these parameters will be explicitly mentioned in the corresponding figure.

Table 1. Specifications of the matrix, CB and SiC fillers.

CB R =5nm ocp =10*5 o =10"125 A =11eV  d.=1nm t=10nm
SiC  Dgc=2um  lgc=200um o5c=3x10"3 AR =100 - -
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In Figure 4, the influence of varying CB volume fractions on the electrical conductivity
of CB/SiC/polymer composites is depicted. Three different volume fractions of CB are
compared: 0.005, 0.015, and 0.03. The figure shows that, before reaching the percola-
tion threshold, there is a significant difference in the electrical conductivity between the
curves. The lowest CB volume fraction (0.005, represented by the blue line) yields the
least conductivity, indicating the scarcity of conductive pathways within the composite.
In contrast, the composites with 0.015 and 0.03 CB volume fractions, show higher con-
ductivity even before the percolation threshold is reached. This is due to the increased
likelihood of conductive network formation as the CB content rises. Thus, the formation
of more conductive networks can be an important parameter that governs the electrical
conductivity of the hybrid composites before percolation. After the percolation threshold;
however, all curves converge, demonstrating that beyond this point, the volume fraction of
CB has a little additional impact on conductivity, and the system achieves a saturated level
of conductivity.

10° ffs”"'r i

Electrical conductivity(S/m)

=
N
=}
T

CB Volume Fraction=0.005
CB Volume Fraction=0.015
CB Volume Fraction=0.03

-15

1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06
SiC Volume Fraction

Figure 4. Influence of CB volume fraction on the electrical conductivity of CB/SiC/polymer
hybrid composites.

In the present study, a uniform dispersion of nanoparticles without any aggregation
is considered in the polymer matrix. Also, it is noticed that the model assumes uniform
tunneling distances without considering potential variations due to particle aggregation,
which could impact the conductivity predictions. It has been reported that uniform disper-
sion without any aggregation of nanoparticles may be desirable to improve the electrical
properties of composites [23,32,33]. But, other experimental works indicate that a less than
uniform dispersion with carbon-based nanofiller aggregations may favor the formation of
conductive networks in the composite materials [23,34,35].

Figure 5 demonstrates the effect of CB dispersion into the polymer matrix on the
electrical conductivity of the hybrid composites. Two cases are presented: one without
any CB (blue line) and one with a CB volume fraction of 0.05 (red line). The figure
clearly shows that the presence of CB drastically enhances the electrical conductivity of the
hybrid composites. The blue line, representing the absence of CB, shows a low baseline
conductivity across the range of SiC whisker volume fractions. In comparison, the red
line with 0.05 CB exhibits significantly higher conductivity throughout the entire range.
Interestingly, both curves exhibit the same percolation threshold, indicating that while the
addition of CB improves the overall conductivity, it does not shift the threshold.
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Figure 5. Influence of CB dispersion on the electrical conductivity of CB/SiC/polymer hybrid
composites.

In Figure 6, the influence of CB nanoparticle radius on the electrical conductivity is
examined. Three radii are considered: 5 nm, 7.5 nm, and 10 nm. The results indicate that
smaller CB particles (blue line, 5 nm) provide significantly higher conductivity before the
percolation threshold compared to larger particles. This may be attributed to the greater
number and larger surface area of smaller particles, which increases the probability of
forming conductive paths via tunneling mechanisms. The figure shows that the blue line
exhibits the highest conductivity before percolation, followed by the red and green lines
for 7.5 nm and 10 nm CB radii, sequentially. After percolation, the differences between
the curves are less pronounced, though the green line for 10 nm shows a slight increase
in conductivity compared to the others. It has been shown that small size functionalized
nanoparticles can increase the conductivity drastically and improve the overall physical
properties of composites [36-44]. Yaduvanshi et al. observed that DC conductivity of HAT4
has enhanced by two orders of magnitude due to copper nano-particles [42]. Therefore, a
reason for the enhancement of the electrical conductivity before the percolation threshold
may be described by the existence of more conductive networks for nanoparticles with
smaller size for the same percentage.

Electrical conductivity(S/m)

— CB radius=5 nm
10° B — CB radius=7.5 nm d
— CB radius=10 nm
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Figure 6. Influence of CB radius on the electrical conductivity of CB/SiC/polymer hybrid composites.
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During the micromechanical modeling of carbon nanoparticle-polymer nanocom-
posites, an interphase is captured among the nanofiller and the polymer matrix which
characterizes the non-bonded van der Waals interaction between them. Such an interphase
can be regarded as an equivalent solid continuum with a definite thickness [45-48]. The
effect of CB interphase thickness on the effective electrical conductivity of polymer com-
posites containing SiC whisker/CB hybrids is illustrated in Figure 7. Three interphase
thicknesses (7 nm, 9 nm, and 12 nm) are compared, and the results show that thicker
interphases lead to higher conductivity before and after the percolation threshold. The
thinnest interphase (7 nm) shows the lowest conductivity before percolation, while the
thickest interphase (12 nm) results in the highest conductivity across the entire range. This
is because a thicker interphase provides a larger region for conductive electron transport,
enhancing the overall conductivity of the composite. After the percolation threshold, the
green line continues to exhibit higher conductivity than the others, demonstrating the
continued benefit of a thicker interphase in facilitating electron transport.
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Figure 7. Influence of CB interphase thickness on the electrical conductivity of CB/SiC/polymer
hybrid composites.

Figure 8 explores the influence of SiC whisker conductivity on the overall electrical
conductivity of the hybrid composites. Three different SiC conductivities are considered:
10 x 103S/m, 30 x 10® S/m, and 60 x 10> S/m. The figure shows that there is little
difference in conductivity between the three cases before the percolation threshold, as
the SiC whiskers do not significantly contribute to the conductive network in this region.
However, after the percolation threshold, the green line (60 x 10* S/m SiC conductivity)
demonstrates the highest conductivity, followed by the red line (30 x 10® S/m), and
the blue line (10 x 10® S/m). This suggests that higher SiC conductivities enhance the
capability of conductive pathways, thereby improving the overall electrical performance of
the composite.

Figure 9 presents the effect of the SiC whisker aspect ratio on the electrical conduc-
tivity of the polymer composites containing micro/nano hybrids. Three aspect ratios are
compared: 80, 100, and 120. The results indicate that the aspect ratio has a significant
impact on both the percolation threshold and the post-percolation conductivity. The yellow
line, representing the highest aspect ratio (120), reaches the percolation threshold at a lower
SiC volume fraction compared to the red and blue lines, indicating that higher aspect ratios
lead to earlier percolation. This is because longer whiskers are more efficient at forming
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conductive networks at lower volume fractions. After percolation, the yellow line remains
higher than the others, showing that a higher aspect ratio not only reduces the percolation
threshold but also enhances conductivity post-percolation. The outcomes offer that the
electrical conductivity of hybrid composites is improved by the increase in the SiC whisker
aspect ratio. Thus, fabricating a hybrid composite with a high-length whisker can be more
effective in its electrical conductivity.
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Figure 8. Influence of SiC whisker’s conductivity on the electrical conductivity of CB/SiC/polymer
hybrid composites.
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Figure 9. Influence of SiC whisker’s aspect ratio on the electrical conductivity and the percolation
threshold of CB/SiC/polymer hybrid composites.

4. Conclusions

In this study, an analytical micromechanics method was developed to investigate
the effective electrical conductivity of hybrid polymer composites reinforced with SiC
whiskers and CB nanoparticles. A two-phase modeling approach was employed, wherein
CB nanoparticles were first dispersed in a non-conductive polymer matrix to form a con-
ductive nanocomposite, followed by the incorporation of randomly oriented and dispersed
SiC whiskers as a secondary reinforcement to further enhance the composite’s electrical
performance. The model captured critical microstructural parameters such as the volume

38



Polymers 2025, 17, 128

fraction and size of CB nanoparticles, as well as the aspect ratio and volume fraction of SiC
whiskers. The model predictions were validated using available results from the literature
for different types of composite systems, demonstrating a good agreement between the
two sets of results. The findings revealed that increasing the volume fraction of CB signifi-
cantly enhances electrical conductivity before the percolation threshold, while the influence
diminishes after percolation is achieved. Furthermore, the radius and interphase thickness
of CB nanoparticles were shown to have a critical impact on the composite’s conductivity,
with smaller radii and thicker interphase regions contributing to the improved electrical
conductivity of the CB/SiC/polymer composites. The study also highlights the role of SiC
whisker aspect ratio, with higher aspect ratios resulting in significantly lower percolation
thresholds and higher electrical conductivity in the post-percolation regime. This work
provides a robust framework for understanding and predicting the electrical conductivity
of SiC/CB hybrid polymer composites. The results indicate that optimizing the microstruc-
tural characteristics of both CB nanoparticles and SiC whiskers is essential for enhancing
the electrical performance of the composite.
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Abstract: Rigid reinforced concrete (RC) frames are generally adopted as stiff elements to
make the building structures resistant to seismic forces. However, a method has yet to be
fully sought to provide earthquake resistance through optimizing beam and column perfor-
mance in a rigid frame. Due to its high corrosion resistance, the integration of CFRP offers
an opportunity to reduce frequent repairs and increase durability. This paper presents the
structural response of CFRP beams integrated into rigid frames when subjected to seismic
events. Without any design provision for CFRP systems in extreme events, multiscale
simulations and parametric analyses were performed to optimize the residual state and
global performance. Macroparameters, represented by the ductility ratio and microfac-
tors, have been analyzed using a customized version of the modified compression field
theory (MCFT). The main parameters considered were reinforcement under tension and
compression, strength of concrete, height-to-width ratio, section cover, and confinement
level, all of which are important to understand their influence on seismic performance.
The parametric analysis results highlight the increased ductility and higher load-carrying
capacity of the CFRP-reinforced tested component compared to the RC component. These
results shed light on the possibility of designing CFRP-reinforced concrete components
that could improve ductile frames with increased energy dissipation and be suitable for ap-
plications in non-corrosive seismic-resistant buildings. This also shows reduced brittleness
and enhancement in the failure mode. Numerical simulations and experimental results
showed a strong correlation with a deviation of about 8.3%, underlining the reliability of
the proposed approach for designing seismic-resistant CFRP-reinforced structures.

Keywords: ductility ratio enhancement; seismic performance; CFRP; high corrosion
resistance; energy dissipation; performance; limited displacement; structural capacity;
ductility index

1. Introduction

Seismic events pose significant risks to buildings and their occupants. Conventional
construction, which often relies heavily on steel reinforcement, consumes substantial
natural resources and has a notable environmental impact [1-10]. In contrast, using CFRP
for reinforcement presents a more sustainable alternative, reducing resource use and
environmental footprint. Studies comparing these materials highlight CFRP’s advantages
in terms of both efficiency and ecological impact [11]. The search for alternatives to steel bars
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in reinforced concrete is increasingly pertinent, yet the construction sector will unlikely
abandon reinforced concrete technology anytime soon. Reinforced concrete remains a
cornerstone of construction due to its numerous advantages. This material’s durability,
cost-effectiveness, and versatility make it indispensable for various structural applications,
from residential buildings to large infrastructures. Reinforced concrete’s ability to be
molded into different shapes and its excellent fire resistance further solidify its status as a
preferred construction material. However, innovations such as Carbon Fiber Reinforced
Polymer (CFRP) and other advanced materials are being explored to address some of
the limitations of steel reinforcement, particularly its susceptibility to corrosion, which
can compromise the longevity and safety of concrete structures. Durability issues can be
avoided by using fiber reinforced polymer (FRP) instead of steel. Fibers contribute to the
tensile capacity of CFRP, as demonstrated in the studies by Maidi et al. [12].

Reducing the amount of CFRP in the compressive fiber can enhance the ductility of the
component, while reducing the section depth may increase the curvature in the ultimate
state of the section. Over-reinforcing the tensional fiber to support the compressive area can
further improve the ductility of the section. The transition from deeper sections to flatter
ones enhances ductility by increasing the component’s capacity for plastic deformation.
However, increasing the percentage of tensioned reinforcement beyond 2% may create
a yield strain in the compressed area, which can adversely affect the overall ductility
of the section. Their work showed that higher tolerance and curvature can be achieved
by decreasing the section depth and increasing its width, thereby creating an alternate
compression area. These adjustments, appropriate reinforcement ratios, and concrete
strength must be carefully considered when designing sections requiring high ductility to
ensure optimal performance.

Providing shear and compressive capacities to overcome the limitations of CFRP
material. Moreover, Maidi et al. [13] pointed out that corrosion-induced degradation in
concrete and reinforced concrete (RC) structures often starts within the first few decades
of their lifespan, and this remains a significant challenge to seismic resistance. Existing
research tools can evaluate performance, but they usually fail to predict changes in seismic
resistance resulting from alterations in the core properties of RC structures. To this gap,
the research addresses the substitution of steel reinforcement with CFRP [14]. CFRP is a
lightweight, high-strength material that enhances load-carrying capacity, stiffness, and
ductility to create effective CFRP-reinforced concrete (CRC). However, under high stress or
strain, CFRP can experience brittle failure, potentially compromising the structural integrity
of the reinforced concrete member.

According to the model presented in Section 3, ductility is influenced by the curvature
and failure mechanism, which ensures considerable strain in the compressed fiber. The
increase in ductility is achieved by effective confinement and the use of relatively low
concrete strengths. Therefore, improvements are necessary to enhance beam ductility and
compare performance with traditional reinforced concrete (RC). Although CFRP does not
corrode in the same manner as steel, prolonged water exposure, high temperatures, and
high long-term stress can cause durability issues [15-17]. An alkali concrete environment
can also attenuate the durability of some types of fiber, but CFRP is usually made of
alkali-resistant materials. When compared to steel, CFRP has several disadvantages in
structural applications, including lack of ductility and complicated bending of bars [18].
Although bending is possible during production, the strength of bent bars is lower and
construction options are limited. CFRP bars also have poor performance when loaded in
compression [19], due to stability issues.

In seismically active areas, material ductility is a property of greater importance than
strength, for instance, seismic events [12,13,20-23]. Although ductility enables the design
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of safer structures, a nonlinear analysis complicates calculations, and design values [22].
On a structural level, capacity design is very important because it aims to avoid non-ductile
types of failure such as shear. This is implemented in the current Croatian (and European)
design code HRN EN 1998-1 [23,24], as well as in most other codes across the globe [25-28].
On an elemental level, detailing provisions can significantly influence element behavior.
For example, the amount of compressive and confinement reinforcement can improve the
behavior of elements [21], while increasing the tensile reinforcement can decrease their
ductility. Elements that fail by crushing concrete before the steel reinforcement yields have
a very low ductility, as in the case of over-reinforced beams.

One significant gap in the existing literature is the absence of an analysis that considers
all relevant parameters collectively and assesses the extent of their impact on structural
behavior. Such comprehensive studies are crucial for developing more accurate predictive
models and enhancing construction materials’ effectiveness in real-world applications.

Research on the ductility of elements with CFRP rebars is limited. Most works have
focused on the use of CFRP for structural repair and strengthening [29], rather than in
new structures. In addition, several methods used to design/construct new elements are
analyzed, as they relate well to CFRP-reinforced elements and provide crucial insight into
the behavior of concrete elements [30]. This paper discusses the ductility of new structures,
with emphasis on new beam structures, by examining parameters on ductility and shear
ductility. The need to explore alternatives to steel as the primary reinforcement, such as
various fibers, was highlighted in a study by Lu et al. (2022) [31]. Furthermore, as discussed
in [12], recommendations for optimizing fiber performance were provided, focusing on
reinforcement ratios, cross-sectional dimensions, concrete strengths, and concrete cover.
These recommendations aim to inform and enhance design codes. When properly designed,
combining reinforced concrete with CFRP offers a promising solution to bridging these
gaps in structural performance and durability.

2. Methodology

This research focuses on analyzing the energy dissipation of flexural components
under bending, investigating various macro, meso, and micro parameters through Push-
Over Analysis (POA). The methodology employed is based on the approach presented in
the study by Maidi and Shufrin [32]. The simulations are conducted using the Response-
2000 program (v1.0), which incorporates the Modified Compression Field Theory (MCFT)
model developed by Bentz in 2000 [33].

The macro parameters are characterized by ductility ratio (), or ductility index
(DI) predict the residual state and are defined by two meso parameters: shear force (V)
and displacement (D). The study also examines how micro parameters, such as tensile
CFRP reinforcement (Af) and compressive CFRP reinforcement (A’f), depth (d), concrete
strength (f¢), and its cover thickness (df), influence the macro parameters (V) and (D).
A parametric study is conducted to analyze the behavior of the CFRP-reinforcement
section, considering the interaction between macro, meso, and micro parameters. The study
ultimately demonstrates improvements in flexural performance and energy dissipation,
highlighting potential enhancements in seismic performance. The methodology framework
is illustrated in Figure 1.
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Figure 1. Methodology framework.

3. Multiscale Study
3.1. Macroscale Study (MASS)

The ductility ratio, which is considered a macroparameter, reflects the capacity of the
tested bending component to dissipate maximum plastic energy, and is calculated as the
ratio of elastic to plastic dissipation energies. The amount of dissipated energy is expressed
using Equation (1):

Dy
Ei = /O EPB(D)d(D) = ES" + ES/" (1)

where (EPB) represents the elastic-plastic behavior, (EB) represents the elastic behavior
and E, is the total elastic energy in the elastic behavior. The following characteristics are
presented in Figure 2, V,, De are the base shear and top displacement, respectively, in the
elastic state. Dy, D, correspond to the yield and ultimate state displacements, respectively,
with V;, denoting the shear force capacity in the ductile behavior. Ef;pb, E;p ’ represent the
elastic and plastic energies, respectively, in the ductile behavior.
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The macroparameter, characterized as the ductility ratio y, can then be expressed by

Equation (2) [34]:
D,
U= D, ()

3.2. Mesoscale Study (MESS)

The correlation between the yield state strain and the displacement D, in bending can
be determined with Equations (3) and (4) [21]:

Scy—i-Sfy
Py = ———>" ®3)
Y dy =dy
L
D, :/0 x-@ydx (4)

where ¢y denotes the strain ratio in concrete at yield state, Efy denotes the strain corre-
sponding to the yield strength of CFRP reinforcement, defined as f;/Ef, and d denotes
the distance from the extreme compression fiber to the centroid of tension reinforcement.
Similarly, the ultimate state can be obtained by Equations (5)—(7):

Eu t+ €fu

Pu="—g— ®)
du = df —C (6)
L
D, = / X @pudx )
0

where ¢, denotes the strain in concrete at the ultimate state, and ¢, denotes the strain
corresponding to the ultimate strength of CFRP reinforcement, defined as fg, /Es.

Note: For the CFRP material, the strain value and the strengths at both the yield and
ultimate states are equal, as illustrated in Section 4.

3.3. Microscale Study (MISS)

This section describes the method used to analyze the impact of six microparameters
on the performance of a doubly reinforced section (DRS) and a single reinforced section
(SRS) under a theoretical moment-displacement representation framework. The DRS
featured reinforcement bars at both the top and bottom of the beam, while the SRS had a
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single reinforcement section at the bottom. The analysis incorporated the displacement
approach proposed by Kisicek et al. [22], the balanced stress—strain diagrams by Kisi, Sori,
and Gali, the effects of confinement methods on the ductility of over-reinforced RC sections,
as reported by Ahmed et al. [35] and the Concrete Compression Failure Principle (CCFP)
outlined by Paulay and Park. Furthermore, the tensile failure limitation proposed by Bazan
and Fernandez-Davila [34] was incorporated to evaluate failure in the compressive zone
and facilitate the cross-section transition from brittle to ductile behavior. Additionally, the
residual state of the CFRP was assessed through a four-point bending test, focusing on the
influence of six microparameters, as outlined in Sections 3.3.1-3.3.6 below.

3.3.1. Tensional CFRP Reinforcement Effect

The failure mode in CFRP-reinforced concrete structures is significantly influenced
by the amount of reinforcement in the tensioned area. Increasing the amount of CFRP
reinforcement in this zone can lead to failure at the compressed fiber, which is generally a
more desirable failure than brittle failure in the tension zone. Increasing the reinforcement
in the compressed fiber can enhance the structure’s flexural and bending capacity. However,
if the tensile reinforcement ratio exceeds the balanced failure ratio, further increases in
tensile reinforcement will not yield additional benefits. The balanced reinforcement ratio
was determined by varying the CFRP reinforcement areas.

3.3.2. Compressive CFRP Reinforcement Effect

The ultimate displacement and moment were analyzed to understand the effect of
double reinforced in both tension and compression sides.

3.3.3. Effect of Concrete Strength

The ductility of a section is influenced by the strain level in the compressive stressed
area, which is directly affected by the characteristic strength of the concrete. Consequently,
this chapter examines the impact of concrete strength on the bending behavior of the section
and the strain levels under different stress conditions. High concrete strength is expected to
delay the onset of maximum strain in the concrete, which may negatively impact the overall
ductility. This preliminary conclusion is supported by a work that showed that different
types of concrete require different stress levels to achieve the same strain, as shown in
Table 1 [21].

Table 1. Mechanical properties of tested concrete.

Tension Strength Cylinder Strength Modulus of Elasticity

Concrete Type (MPa) Peak Strain (mm/m) (MPa) (MPa)
1 1.69 (2.83) 1.87 20.7 21,946.2
2 1.61 1.87 15 19,550.9
3 1.68 1.86 20 21,678.8
4 1.75 1.9 25 23,476.9
6 1.82 1.96 30 29,826.8
7 1.96 21 40 30,006.6
8 2.1 2.25 50 30,375.8
9 2.24 2.39 60 32,616.6
10 2.52 2.37 80 36,594.9

3.3.4. Effect of Concrete Cover on Concrete Cracking

Concrete covers protect steel reinforcement from corrosion and fire resistance, and
significantly influence the cracking behavior of concrete under various loads. Numerical
analyses were conducted to investigate the impact of the concrete cover on cracking
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behavior. Specimens were subjected to four-point bending tests, and the relationship
between crack width and spacing was analyzed. The Response-2000 numerical model used
in this study is based on equations from both the American Concrete Institute [36,37] and
Eurocode 2 [38], which establish a correlation between the spacing and width of concrete
cracks, as shown in Equation (8):

where e., denotes the average strain due to stress at a certain level, and sm denotes the
crack spacing, which is calculated by Equation (6):

Sm = 3Cmax (9)

where ¢,y denotes the distance from the furthest tension fiber to the nearest reinforcement,
which is directly related to the cover thickness.

Instead of increasing the distance cmax, @ multiplying factor 7y can be applied to cmax,
which is then incorporated into Equation (5) as follows: w = €., ys:. Then, the factor strain
is multiplied by the factor v, plugged into Equation (2), to enhance ductility. Therefore,
increasing the cover thickness not only leads to a greater crack width but also improves
ductility, as illustrated in Figure 3.

Crack Width

Cracking Diagram

- H
Cover thickness Crack Width

(a)

Figure 3. Typical relationships between the concrete cover thickness and crack width. (a) Schematic
of crack width versus cover thickness curve. (b) Schematic diagram of crack opening in a beam.

3.3.5. Effect of Confinement Concrete Level

The strength and ductility of concrete are significantly influenced by the level of
confinement provided by the vertical reinforcement within the beam’s structure. The pivotal
roles played by the stiffness and behavior of the confining reinforcement, ranging from
elastic to elastoplastic, are crucial in determining the overall performance of concrete [39].
This research incorporates a concrete confinement model to enhance the shear capacity and
ductility ratios.

In the analysis framework, the axial and lateral directions are referred to as directions 1
and 3, respectively, assuming that stresses and strains are equivalent in both lateral direc-
tions (0, ~ 03). Compressive stresses and strains are considered positive, while volume
expansion is negative. When confined by constant lateral pressure, the axial stress—strain
response of concrete is characterized at three distinct points on the stress—strain curve, as
outlined in the referenced study [40]. This methodological approach is visually represented
in Figure 4, clearly depicting the model’s application to enhance our understanding of
confined concrete behavior under various loading conditions.
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Figure 4. Constitutive model of confined concrete under uniaxial compression.

The ultimate strength of the concrete, denoted as (07y), is directly influenced by the
lateral pressure applied, while the residual capacity, (o1,), is determined by the internal
friction remaining after initial stress effects. The analysis employs the Leon-Pramono [40],
criterion as defined in Equation (10) to precisely characterize these critical points on the
stress—strain curve:

01 — 03 >
fe

where k denotes the hardening parameter, defined as 0.1 at the elastic limit. The confine-

(1—k)(os/1)* + +IPm(os /1) — ke =0 (10)

ment modulus, m, as described in Equation (11), is calculated as follows:

)
m = ;C/]J:: (11)

This equation simplifies the understanding of confinement effects on the compressive
strength of concrete, where ¢ denoted as the confinement ratio, is calculated as follows:

¢ = os/f (12)

Finally, the increase in strength due to confinement, denoted as i, is calculated using
Equation (13) and is illustrated in Figure 5:

1= UlO/fC’ (13)
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Figure 5. The increase ratio (i) in the strength vs. confinement ratios.

49



Polymers 2025, 17, 234

3.3.6. Effect of Section Dimensions Ratio

In this section, we demonstrate how the sensitivity of reinforcement amounts, concrete
strength, and b/h ratios to determine the optimal dimension ratio with specific reinforce-
ment ratios. The primary goal is to identify the optimum ratio between the height and
width of the tested section, thereby establishing the ideal b/h ratio.

3.4. Modeling of Moment Displacement Curve

The effect of the ductility behavior is displayed in Figure 5, the moment-displacement
curve can be schematically divided into three straight segments, which influence the
ductility behavior. The key points on the moment-displacement curve are (Dcr, Mcr), (Dy,
My), and (Du, Mu). The symbols used in deriving the moment-displacement model are
illustrated in Figure 6.

M u The moments in the ultimate state

M The moments in the yield and stat

Bending Moment

IS

v

Displacement

D
1 - D, D,
Figure 6. Schematic model of a moment displacement curve.

The symbols used in deriving the moment-displacement model are illustrated in
Figure 7.

‘ AN

Figure 7. Beam dimensions and cross-section for four-point bending analyses.

The three main stages to obtain a capacity curve with the three classic control points
are presented below.

Stage I: Elastic Stage (0 to Cracking Moment, M,,), This stage begins with no initial dis-
placement and zero moment, and progresses to the cracking moment (M,). The mid-span
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displacement increases from 0 to (D), corresponding to the cracking displacement. At this
stage, the displacement can be computed using a linear elastic relationship up to M,,. Often
this analysis is based on beam theory or specific structural behavior Equations (14)-(16).
The general presentation is as follows:

I,-
My = T (14)
when the section is semitic at y axial:
21,-
M = g;lfr (15)
MC?’ 2 2
Dy = ————(3-L"— 4 1
T T 24E I (o “) (16)

where I, denotes the moment of inertia of the uncracked section, calculated using Io = b x h
3/12, where b denotes the width and h the height of the section. The flexural tensile
strength of concrete, fr can be determined as fr = 0.7( f) (MPa) for normal-weight concrete,
where f’c is the concrete’s compressive strength and y is the distance between the natural
axis and the extreme of the tensional zone.

Stage II: The maximum moment increases from the cracking moment M, to the
yielding moment, corresponding to concrete yielding M, the mid-span displacement
increases from D¢, to Dy,

A generally accepted constitutive model used for concrete in compression Figure 6
assumes that the strain distribution along the depth of the beam section remains linear.
Concrete contribution to tension is negligible in the derivation, which simplifies the analysis.
According to Figure 7, the total compressive force from the concrete can be given by
Equations (17) and (18).

C. = /0  (e)bc/eude (17)

where €. denotes the concrete strain at the extreme compression fiber and ¢ denotes the
height of the concrete compression block. The solution to Equation (17) is presented in
Equation (18) as a simplified expression for the total compressive force C.

Ce=ki-fl-bc 18)

where k; is a coefficient that accounts for the shape of the stress distribution in the com-
pression zone and c is the depth of the compression block as presented in Equation (19)

and Figures 8 and 9.
, € e\’
= H) -(%) ] )

The total bending moment, M., provided by the concrete with respect to the neutral
axis is expressed by Equations (20)-(22).

B OSC fe(e)-b-c*e

= 2
e e2de = kiky-fi-b-c (20)
e el 1e
. fé'eC/O k=5, <1 3 €o> 1)
k= Lo fele)ede 2 1-55 (22)
e [o° fe(e)de 3\ 1-— ;%
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Figure 8. Constitutive model of concrete subjected to uniaxial compression for a non-confined condition.
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Figure 9. Stresses block and force distribution in the beam cross-section.

Typically, eg = 0.002, which allows kj and k; to be presented as follows:

ki = 500-c(1 — 166.7-¢.) (23)
_ (2-375-¢)
k2 = (3 —500-¢.) 4)

Thus, the yielding moment M, is given by Equation (25).
My = k1'k2'fcl'b'C2 + A}-Ef-s}(c - dc) + Afff(d - C) (25)

where A’ r Ef, ¢ I de, Af, and ff represent the CFRP area at the top fiber, modulus of elasticity,
top fiber strain, the active depth, CFRP area at the bottom fiber, and forces associated
with reinforcement.

The mid-span displacement at yielding, Dy, can then be calculated by the following:

M
Dy = ——"t—(3-L* — 4-a° 26
Y T 24Eclyy, € 7 (26)
or in terms of curvature ¢y by the following:
= Pisg2 g2
Dy—24<3L 4a> 7)

The effective moment of inertia at yielding (I, ) is given by the following:
Mer\® Mer)
Ieff,y = (le> “Lunc + <1 - (My Aoy (28)
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where I, denotes the uncracked second moment of area, calculated by the following;:

_ (1 3 ) ) h ? Ef 72
Ilmc_<12*b*h)+bh<y—2) —i—(EC— ~Af~(d—y) (29)

The moment of inertia I, for the cracked section can be derived using the transformed
area method, as follows:

1, 5 Er 2

where E. = 4730,/f! (MPa), as specified by ACI 318-05 [36]. In calculating displacements,
the stress—strain relationship for concrete in compression is assumed to be linearly elastic,
so long as the concrete’s extreme fiber remains within the ascending branch of the curve
shown in Figure 6.

Stage III: As the maximum moment increases from the yielding moment M;, to the
ultimate moment M,,, the mid-span displacement increases from D, to Dy, calculated by:

M, :kl'kz'fc/'b'cz+Af'Ef'Sff(d—C) (31)

where k1, kp, and c are determined by the same equations as in stage II, and &ff is the CFRP
strain at beam failure. If failure occurs due to CFRP rupture, ¢ff is taken as the ultimate
CFRP strain, fu, so eff = efu.

After CFRP failure, the displacement Du can be given by the following:

M, 2 2
D, =———— (31-—4.
= SR (317 —4a) (32)

where the effective moment of inertia at ultimate (I,5) is as follows:

M \? Mo\’
leffu = (M) Lune + (1 - ( M) )1 (33)

The following are used to calculate the ultimate displacement:

My
= (34)
Pu EC'Ief fou
_ Pu fag2 4.2
Du_24‘EC<3L 4a> (35)
The moment can be converted to an equivalent shear force using the following:
P = 2]\/{1& (36)

This procedure enables the construction of a shear force-displacement curve for the
selected beam, allowing for detailed examination of the beam’s behavior under the speci-
fied parameters.

4. Materials Characterization

This study incorporates a steel rebar force equivalent to that of the compressed section.
The concrete properties and steel bars were selected based on the guidelines outlined in
(CSA S806-12 2012) [27], while the properties of CFRP were based on those reported in
studies by Suriyati et al. and Zhou et al. [41-43].
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4.1. Concrete

Concrete properties significantly influence the behavior and performance of reinforced
structures under various loading conditions. To ensure accurate modeling, different types
of concrete were selected based on established studies. The mechanical properties of
these concrete types are summarized in Table 1, as reported by Suriyati et al. and Zhou

et al. [41-43].
The stress—strain relationship for different types of concrete is typically represented by
a standard curve, as provided in ACI 318 (1995) [36].

4.2. Steel Bars

The properties of the steel reinforcement bars incorporated into the structural models
were selected based on standardized specifications. The specific properties of the steel bars
used in this study are detailed in Table 2.

Table 2. Mechanical properties of the steel bars.

Ultimate . Ultimate Elastic
Properties Strain Y1e1<(iNS[I)rae)n sth Strength Modulus

(m/mm) (MPa) (GPa)
Steel bars 7 276 414 200

4.3. CFRP Bars

CFRP is a high-strength, lightweight reinforcement material known for enhancing
the load-carrying capacity, stiffness, and ductility of concrete structures. The mechanical
properties of the CFRP used in this study are presented in Figure 10.

A
il
ffu=1840 MPa i
B Efu=12.1 mm/m 4%
] )
$— ;&\O
N ®
E®
— . o
(¢] ‘@\
= of
9 @6
@ 2
c
()]
~
Poisson’s Ratio: 0.15 to 0.28
Elastic Modulus 152 (GPa)

Strain 'Epu

Figure 10. Mechanical properties of the CFRP reinforcement material.

In addition to its high strength and lightweight properties, CFRP has a low density of
approximately 1.60 x 10~% N/mm? and a thermal expansion coefficient of 40 x 10~¢ °C. In
this study, the diameter of the CFRP bars was selected to match that of the steel rebar. The
brittle behavior of CFRP bars is illustrated in Figure 8. The properties of the CFRP used in
this study are presented in Figure 10.

5. Results
5.1. Load-Bearing Capacity of CFRP-Reinforced Concrete Elements

Two cantilever beam configurations (see Figure 11), both with the same cross-section
and concrete strength, where one beam was reinforced with a steel bar and the other with
CFRP, were compared.
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Figure 11. Schematic of RC and CRC Components Under Loading.

First, a test was performed to determine the equivalent CFRP area value in the CRC

component required to achieve the same capacity as the RC component. A second test

compared the capacities of the two components with the same preset reinforcement values.

In both scenarios, the ductility and effective stiffness, as defined by Equations (2) and (37),

were calculated as follows: v
u

ketf = b,

For the first component, the cantilever span was 3000 mm, with a cross-sectional depth
of 635 mm and a width of 254 mm. The concrete strength was fc' = 30 N/mm?, and the cover
dimensions were ds, ds’, df, df = 51 mm. The POA indicated that the reinforcement areas

2

were suitable, with the top reinforcement areas measuring As’ = 157 mm? and Af = 0 mm?,

(37)

and the bottom reinforcement areas measuring As = 508 mm?, Af = 176 mm?. The rein-

forcement area was determined by comparing the capacities of the two numerical models.

The POA calculated capacity under monotonic loading. While these values provided equal
capacities for the two components, they resulted in different ductility levels, as illustrated
in Figure 12.

40 : : : : . : :
35 X X X X X : s o :_-._-._‘..'::_'IL-._'._'._'._-._J_-._-._-._-._-..‘.'..'.. 1111 o~
" 0 DRSO I o T NI NI S s L S—
= E
& 25 fomme b e T e T
§ T e e o e e e
7 : T
L | — T ——] T ] — .
A 15 -t --p--r--ccccccboreccccccacopioncacasa- PassEaEs S " -~
o —0— 254/635-STEEL As=508 As=157 !
10 {2 D R ——.
—j0— 254/635-CFRP- Af=176 Af=0 | !
5 i S et | (e . . S qoi--am--
: : : : o
0 T T T T —
0 5 10 15 20 25 30 35 40

Deflection (mm)

Figure 12. RC and CRC components equal capacity in the ultimate state, the blue and the red line are
the effective stiffnesses.
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The ductility of the CRC component was significantly higher than that of the RC
component (15.33 and 8.77, respectively). The load-bearing capacities of the cross-sections
were similar, with the steel-reinforced section achieving Vus = 35.634 kN and the CFRP-
reinforced section achieving Vuf = 35.766 kN. However, the effective stiffness differed
considerably; the steel-reinforced section had an effective stiffness of keff-s = 3.90 kN /m,
while the CFRP-reinforced section had an effective stiffness of keff-f = 1.0065 kN/m. In
conclusion, with the same capacity in both components, the concrete element with steel
reinforcement exhibited greater effective stiffness but lower ductility. In contrast, the
ductility parameter was relatively high with CFRP reinforcement. To achieve the same
capacity as the RC component, the required amount of CFRP reinforcement in the CRC
component was 176 mm?, compared to 665 mm? steel reinforcement in the RC component.
Namely, the amount of reinforcement with CFRP required constitutes 74% lower of the
steel reinforcement area. Of note, when the carbon fibers were only introduced into the
bottom area, the level of ductility in both situations was in favor of the CRC component,
as presented in Figure 12. Additionally, it had better ductility than the same section with
both bottom and top reinforcement. The ductility level in the RC component (8.77) was
significantly lower than in the CRC component (15.33). The load-bearing capacities of the
cross-sections were similar, with the steel-reinforced section achieving Vu,s = 35.634 kN and
the CFRP-reinforced section achieving Vi,f = 35.766 kN. However, the effective stiffness dif-
fered considerably; the steel-reinforced section had an effective stiffness of keff-s = 3.90 kN,
while the CFRP-reinforced section had an effective stiffness of keff~f = 1.0065 kN.

In the following situation, the cantilever span was also 3000 mm, with a cross-sectional
depth of 635 mm, a width of 254 mm, and concrete strength of fc’ =30 N/mm?2. The
cover dimensions were ds, ds’, df, df’ = 51 mm, the top reinforcement areas were As',
Af =157 mm?, and the bottom reinforcement areas were As, Af = 508 mm?. POA demon-
strated different capacities and ductility levels for the RC and CRC components, as shown
in Figure 13.
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Figure 13. RC and CRC components with the same reinforcement ratios, the blue and the red line are
the effective stiffnesses.

Figure 13 shows the force-displacement curves for a beam with a 3000 mm span,
where the orange curve represents the CRC cross-section, and the gray curve represents
the RC section. The ductility level at the component was defined as the ratio between the
displacement in the yielding state and the displacement in the failure state. The ductility
level of the RC component was 8.77, compared to 15.87 for the CRC. Shear force at failure
(ultimate state) was Vus = 33.853 kN for the RC component and Vuf = 50.663 kN for the
CRC component. The effective stiffness, defined as the ratio between the shear force and
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horizontal displacement in the ultimate state, was keff-s = 3.53 kIN/m for the steel-reinforced
beam compared to keff-f = 2.365 kN/m for the same section reinforced with CFRP.

5.2. Sensitivity Analysis

Six microparameters were projected to significantly impact on the ductility of a beam
section under bending: the amount of CFRP used in the tension and compression zones, the
geometry of the beam cross-section, concrete cover, the concrete strength and confinement
ratio as presented in Figure 14. A single beam section with a b/h ratio of 200/400 mm and
with different cross-sectional geometries was used to evaluate the effects of the first three
microparameters. To identify an optimal ductile section for shear loading, a series of beam
sections, starting with a b/h ratio of 200/600 mm and progressing to a section with ab/h
ratio of 600/200 mm, was examined.
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Figure 14. Stress—strain of variable confined concrete with a compressive strength of (fc’ = 27).

5.2.1. Single Reinforcement

The effect of increasing amounts of CFRP in the tension zone on displacement was
tested on a single beam with constant CFRP compressive reinforcement Af' = 0 and concrete
compressive strength fc' = 30 N/mm?, but with varied bottom reinforcement. Figure 15a—c
in the results section present the outcomes of this analysis.

5.2.2. Double Reinforcement

The effect of increasing amounts of CFRP in the compressive zone on bending behavior
was measured in a beam with tensile reinforcement areas held constant at Af = 300,700 mm?
and Af = 1050 mm?, varied Af in the compressive zone, and a constant concrete strength

of fc' = 30 N/mm?. The results of the analysis are shown in Figure 16a—c.

5.2.3. The Role of Concrete Strength

The impact of concrete strength on the ductility ratio specifically in cases with no
compressive reinforcement (Af = 0) and with tensile reinforcement (Af = 150 mm?) was
tested while varying the compressive strength fc’. Figure 17a—c presents the observations
and corresponding data.

5.2.4. Role of Cover Thickness in Enhancing the Durability of CFRP RC Structures

To explore the relationship between the distance separating strain centers and de-
flection under pure flexure in the inspected section, the effect of cover thickness on a
rectangular section with dimensions of 200 mm by 800 mm was characterized. The concrete
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Shear Force (kN)

strength was fc’ = 30 MPa, with reinforcement at the top (Af = 900 mm?) and bottom
(Af = 1500 mm?). The primary variable under investigation was the cover thickness, as

outlined in Equations (5) and (6). This parameter influences the moment-displacement

relationship and the ductility ratio, as illustrated in Figure 18a—c.

5.2.5. Effect of Confinement on Concrete Behavior

The effect of increasing the passive confinement ratio (¢) in the compressive zone of

the bending component on ductile behavior was tested, with confinement parameters in

the compressive zone applied at four levels, labeled from 1 to 4, as presented in Figure 14.

A rectangular section with dimensions of 200 mm by 500 mm was used, with

Af = 800 mm?, Af =0, and concrete compressive strength of f¢' =27 N/ mm? held constant,

while the stress—strain models for concrete were varied. The results of the analysis are

presented in Figure 19a—c in the Results Section.

5.2.6. Contribution of Section Dimensions Ratio

Considering Equations (1) and (2), it can be inferred that the depth of the cross-section

being tested may impact both the curvature and ductility ratio. Therefore, the effect of the

b/h ratio of the tested section was assessed while maintaining a constant reinforcement

ratio of 0.10 mm? and a concrete compressive strength of fc’ = 30 MPa. Figure 20a—c

showcases the results of this analysis.

5.3. Sensitivity Analysis Results

This section summarizes all results from Section 5, including shear force-displacement

curves and ductility ratios, as functions of the tested parameters (see Figures 15-20).

Figure 15 presents the single reinforcement effective ductility.
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Figure 15. (a) Force-displacement curves for the beam, (b) ductility ratio, and (c) shear capacity as a

function of different amounts of CFRP in the tension zone.

Figure 16 presents the double reinforcement effective ductility.
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(c) Shear capacity variation in response to different amounts of compressive CFRP.
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Figure 17 presents the role of concrete strength effective ductility.
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Figure 18 presents the role of cover thickness in enhancing the durability of CFRP and
RC structures effective ductility.
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Figure 19 presents the effect of confinement on concrete behavior effective ductility.
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Figure 20 presents the section dimensions ratio effective ductility.
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Figures 15-20 present summarized simulation results representing various tests, illus-
trating shear force-deflection and ductility as functions of the tested parameters. Figure 15a
mainly shows how increasing the amount of CFRP in the tensional fibers of a concrete
member significantly enhances its ductility. Notably, while improving ductility, CFRP is
susceptible to brittle failure under high levels of stress or strain, potentially compromising
the structural integrity of the concrete element. To prevent such brittle failure, it is advisable
to use more CFRP than typically required to achieve the concrete’s ultimate strength. This
approach ensures that the CFRP reinforcement remains within its elastic and elastic-plastic
ranges, preventing abrupt failures and enhancing the structure’s resilience. Adopting
this over-reinforcement strategy ensures that failures if they occur, are more likely in the
compressed fibers.

Additionally, the high stiffness of CFRP reduces displacement in the compressed
area, further decreasing the likelihood of brittle failure. Figure 15b demonstrates that the
amount of tensioned CFRP increases with increasing ductility of the concrete. Figure 15¢
shows a tendency for increased shear capacity with more tensioned CFRP. For the typical
stress—strain behavior of CFRP, refer to Figure 10.

In Figure 16, the reduction in CFRP in the compressive fiber modestly enhances both
ductility and shear capacity. Figure 17 highlights that higher concrete strengths increase
yielding stress but predispose structures to more brittle failure modes than those with lower
strengths. The least strong concrete showed the lowest yielding stress but was more ductile.

Figures 18 and 19 reveal an interesting dynamic: as the cover thickness increases, the
ductility ratio increases, but shear capacity decreases. Enhanced concrete confinement, as
shown in Figures 19 and 20, leads to higher ductility ratios and shear capacities. These
enhancements suggest a critical balance between confinement and cover adjustments to
optimize ductility and strength in seismic conditions.

Finally, Figure 20 underscores that an increase in the breadth-to-height (b/h) ratio
not only improves ductility but also enhances the structure’s ability to absorb seismic
energy, thereby boosting overall durability. The structural adjustments that enhance the
b/h ratio lead to increased curvature at yield and ultimate states, significantly amplifying
the ductility.

This comprehensive analysis is summarized in Table 3.

Table 3. Four-point bending of parameters affecting ductility and their level of influence.

Variable Parameter Ductility Ratio Shear Capacity

Single reinforcement T T T T T T
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Table 3. Cont.

Variable Parameter Ductility Ratio Shear Capacity
Double reinforcement T T
Concrete Strengthening l l

Cover thickness T l l
Confinement concrete ratio T T T T T T
Section dimensions’ ratio T T T l l l

An arrow pointing up indicates improvement and a downward arrow indicates decline. The number of arrows
indicates the intensity of the change.

6. Validation

A specific concrete section reinforced with CFRP (Table 4), identified as (C82) and
studied by Wang et al. [44], was chosen for validation of the numerical simulations per-
formed with the Response-2000 software, developed by Bentz (2000) [33]. A critical aspect
of the validation involved analysis of the load-deflection curve (LDC) associated with the
section, as depicted in Figure 21. The systematic approach used for validation ensured
that the simulations accurately mirror the behavior of CFRP-reinforced concrete sections
under various loading conditions, thereby boosting the reliability and practical utility of
the Response-2000 software for structural engineering analyses.

Table 4. Properties of CFRP RC Sections.

Symbol (C8) (C10) (C12)
Span L (mm) 2100 2100 2100

a (mm) 700 700 700

b (mm) 120 120 120

h (mm) 250 250 250
Af (bars) 2D8 2D10 2D10
Af (bars) 2D6 2D6 2D6
Ef (MPa) 106.4 106.4 106.4
Ffu (MPa) 1628 1628 1628
fc (GPa) 42.6 42.6 42.6
Ec (GPa) 31.6 31.6 31.6

Cover (mm) 25 25 25
of 0.37% 0.58% 0.84%

Figure 22 presents the Load-Deflection Curves (LDC) for CFRP-Reinforced Concrete
Section: Illustrated is the comparison and validation of the performance under load of the
concrete section studied by Wang et al. (2021) [44]. The red line denotes numerical results,
and the magenta line represents experimental outcomes.

Figure 22 shows that the numerical analyses agreed well with the test results of the
CFRP-strengthened segment. Such agreement of the numerical and experimental data
verified the accuracy and applicability of Response-2000 in engineering practice, especially
in design and analysis involving reinforced concrete members. Discrepancies may arise
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due to inaccuracies in the specimen’s size, support conditions, loading velocities, or other
relevant factors.
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Figure 21. Section geometry and schemes: Illustrated are the dimensions of the CFRP-reinforced
concrete sections, where D denotes the diameter of the CFRP bars. This specific section geometry
was adapted from Wang et al. [44] study.
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Figure 22. Load-deflection curves comparison using Response-2000 for the CFRP-reinforced section
by Wang et al.

7. Conclusions and Practical Recommendations

This research proposed a strategy to enhance structural durability against seismic
forces by incorporating CFRP for concrete reinforcement. Through comprehensive multi-
scale simulations and evaluations, the study demonstrated that CFRP, despite its brittleness,
can significantly improve the ductility of beam components in concrete structures. Key
findings from this investigation can be summarized as follows:

e Increasing the amount of CFRP in the tensional zone in CRC components boosts both
shear capacity and ductility ratios.

e Additional CFRP in the compressive zone, when matched with an equivalent amount
in the tensional zone, does not significantly affect ductility or shear capacity.

e Lower concrete compressive strength can increase ductility and reduce brittleness
and capacity.

e Increasing cover thickness enhances ductility ratios while reducing capacity.
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e  Decreasing the section depth can lead to increased curvature in the ultimate state of
the section, and over-reinforcing the tensional fiber ensures that the compressive area
improves the section’s ductility while decreasing its capacity.

e Enhancing the confinement ratio in concrete compression zones increases ductility
and capacity while mitigating brittleness.

e  The ductility of CRC cross-section is twice that of RC with identical concrete strength
and reinforcement area.

e  The shear capacity of CRC and RC structures is similar when the CFRP-to-steel ratio
is 26.4%.

This study contributes to the ongoing effort to develop a user-friendly and accessible
design methodology for practicing engineers. The recommendations are presented below
as follow:

e Increase the amount of CFRP reinforcement in the tensional zone of CRC components
to improve both shear capacity and ductility ratios.

e  Avoid unnecessary CFRP in the compressive zone except when matched by equivalent
amounts in the tensional zone, as this has minimal impact on ductility and capacity.

e  Use lower concrete compressive strength to improve ductility and reduce brittleness,
recognizing the trade-off with capacity.

e  Consider using reduced section depth to increase curvature at the ultimate state, which
improves ductility when over-reinforcing the tensional fiber.

e  The compressive area should be adequately reinforced to balance ductility with capacity.

e Increase the thickness of the concrete cover provided, which increases the ductility
ratios but most likely reduces the capacity.

e Increase confinement ratios in concrete compression zones to reduce brittleness and
increase ductility and capacity.

e  Design the CRC component with a CFRP-to-steel ratio of about 26.4% for a similar
shear capacity to the RC structure.

e  Make use of the higher ductility of the CRC sections, up to twice that of the identical
concrete strength and area of reinforcement of RC sections.
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Abstract: Gamma radiation shielding is necessary for many applications; nevertheless,
lead creates environmental risks. Eumelanin, a natural polymer, is a viable alternative,
although its effectiveness is limited to lower gamma-ray energy. This research looks at
how doping the herbal eumelanin polymer (Nigella sativa) with heavy metals including
iron (Fe), copper (Cu), and zinc (Zn) affects its gamma radiation shielding characteristics.
The inclusion of these metals considerably increases the linear attenuation coefficient (y)
and mass attenuation coefficient (y,,) of eumelanin, especially at lower photon energies
where the photoelectric effect is prominent. The y value of pure eumelanin is 0.193 cm ! at
59.5 keV. It goes up to 0.309 cm 1, 0.420 em 1, and 0.393 cm~! when Fe, Cu, and Zn are
added, in that order. Similarly, the mass attenuation coefficients increase from 0.153 cm?/g
for pure eumelanin to 0.230, 0.316, and 0.302 cm?/ g for the Fe-, Cu-, and Zn-doped samples.
At intermediate and higher energies (661.7 keV-t0-1332.5 keV), where Compton scattering
is the main interaction, differences in attenuation coefficients between samples are not as
noticeable, which means that metal additions have less of an effect. The mean free path
(MFP) and radiation protection efficiency (RPE) also show these behaviors. For example, at
59.5 keV the MFP drops from 5.172 cm for pure eumelanin to 3.244 cm for Mel-Fe, 2.385 cm
for Mel-Cu, and 2.540 cm for Mel-Zn. RPE values also go up a lot at low energies. For
example, at 59.5 keV Cu-doped eumelanin has the highest RPE of 34.251%, while pure
eumelanin only has an RPE of 17.581%. However, at higher energies the RPE values for all
samples converge, suggesting a more consistent performance. These findings suggest that
doping eumelanin with Fe, Cu, and Zn is particularly effective for enhancing gamma-ray
shielding at low energies, with copper (Cu) providing the most significant improvement
overall, making these composites suitable for applications requiring enhanced radiation
protection at lower gamma-ray energies.

Keywords: eumelanin; mass attenuation coefficient; metal doping; mean free path; radiation
protection efficiency

1. Introduction

Ionizing radiation is an omnipresent aspect of modern life, emanating from both
natural and artificial sources. While it has beneficial applications in medicine, industry,
and research, it poses significant threats to human health and the environment. Exposure
to ionizing radiation can lead to serious health problems, including cancer, damage to
the nervous system, and mutations in human DNA [1,2]. According to the World Health
Organization (WHO), even low doses of radiation can increase the risk of adverse health
effects, making it crucial to develop effective protective measures against such exposures [3].
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This underscores the need for robust radiation shielding materials, particularly in environ-
ments where ionizing radiation is prevalent, such as hospitals, research laboratories, and
nuclear facilities.

Ionizing radiation finds applications across various sectors, including healthcare,
agriculture, military, and industrial processes. In healthcare, for instance, radiotherapy
uses ionizing radiation to treat cancer, targeting malignant cells while minimizing damage
to surrounding healthy tissue [4-9]. In agriculture, radiation can be employed for pest
control and food preservation, enhancing crop yields and extending shelf life [6]. Military
applications include the use of radiation detection equipment for national security purposes,
while industrial radiography is essential for the non-destructive testing of materials and
components [7,8]. Despite these benefits, the potential risks associated with ionizing
radiation necessitate effective shielding to protect both personnel and the public.

Radiation shielding materials serve a critical function in mitigating the harmful effects
of ionizing radiation. These materials are employed in various forms, including structural
components of buildings, protective suits for personnel, containers for radioactive materials,
and windows in medical imaging equipment [9,10]. For example, radiation shielding is vital
in diagnostic imaging procedures such as X-rays and computed tomography (CT) scans to
protect patients and healthcare providers from unnecessary exposure [11]. Furthermore, in
nuclear power plants effective shielding is necessary not only for the protection of workers
but also to ensure the safety of surrounding communities [10].

Historically, metallic lead and lead-based compounds have been the primary materials
used for shielding against X-rays and gamma rays due to their high density and atomic
number, which make them effective at attenuating radiation [11]. However, the use of
lead comes with significant drawbacks. Lead is a toxic and carcinogenic substance, and
its corrosive properties can lead to environmental contamination [12]. Moreover, lead is
ineffective against neutron radiation, producing high-energy secondary ionizing radiation
when exposed. These limitations have prompted researchers to explore alternative materials
that are non-toxic and environmentally friendly [13,14]. One promising candidate is
eumelanin, a complex biological polymer that plays a crucial role in determining the color
of skin, hair, and eyes in various organisms [15,16]. Eumelanin is produced through the
melanogenesis process, which involves the polymerization of the amino acid tyrosine.
Melanin is categorized into categories based on the molecular precursor from which the
pigment is derived. Eumelanin (black melanin) consists primarily of oligomers of 5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) [17].

Beyond its aesthetic functions, eumelanin possesses unique physicochemical proper-
ties that have attracted considerable scientific attention in recent years. Notably, eumelanin
is capable of absorbing a wide range of electromagnetic radiation, including ultraviolet
(UV), visible, and infrared (IR) light [17,18]. This broad absorption spectrum not only
supports its protective functions against UV radiation but also opens new avenues for
its use in materials science, electronics, and biomedical engineering [19,20]. Natural eu-
melanin is a complex biopolymer that plays a crucial role in protecting organisms from
harmful UV radiation and oxidative stress. Additionally, scientists explore the effects of
metal modification on eumelanin’s optical properties after UV irradiation. This research
shows that eumelanin, when doped with transition metals such as Fe, Co, and Zn, retains
substantial absorption characteristics across a broad spectrum (200-500 nm). Density func-
tional theory (DFT) analysis indicates that these metal modifications enhance eumelanin’s
structural properties and optical reactivity, potentially contributing to treatments for skin
diseases associated with excessive eumelanin secretion [18,21,22]. Recent studies have
highlighted the potential of eumelanin as a bioinspired material for advanced technological
applications. For instance, researchers have investigated its role in developing novel mate-
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rials for solar energy harvesting and photoprotection [17]. Eumelanin’s ability to absorb
and dissipate excess energy makes it an attractive candidate for various applications in
nanotechnology and drug delivery systems [18]. Furthermore, its biocompatibility and
biodegradability enhance its appeal in biomedical applications, where the safety and en-
vironmental impact of materials are of paramount importance [19]. The incorporation of
metal elements into eumelanin has been shown to significantly enhance its physical and
mechanical properties. Research indicates that metal-doped eumelanin exhibits improved
mechanical strength, thermal stability, optical absorption, electrical conductivity, and ra-
dioprotective qualities [23]. For instance, the addition of metal ions such as silver, copper,
and zinc has been shown to improve the radiation attenuation properties of eumelanin,
making it a suitable candidate for use in radiation shielding applications. The enhanced
characteristics of metal-doped eumelanin composites offer new opportunities for their
integration into high-tech applications, including electronic devices, protective coatings,
and specialized radiation shielding materials. The simulation results support the spatial
arrangement hypothesis, which is that the organization of melanin in enclosure structure
may give additional shielding. The arrangement of melanin on the cell membrane may
limit the absorbed dose of highly energetic particles at the nucleus, but this impact is
cumulative across the fungal colony. A lattice of melanin ghosts will provide consistent
shielding for colony cells in an anisotropic radiation environment. The bulk Sepia melanin
shielding effect towards the gamma radiation of 122-140 keV energies showed that 4 mm
of melanin cut the dose by ~33% and the linear attenuation coefficient was calculated to be
1.01 cm ™! [24-28].

In the present study, we focus on synthesizing eumelanin composites using three metal-
lic elements: iron (Fe), copper (Cu), and zinc (Zn). These metals were chosen due to their
availability, cost-effectiveness, and potential for enhancing the radiation shielding proper-
ties of eumelanin. The synthesized eumelanin samples will undergo measurements of linear
and mass attenuation coefficients within the photon energy range of 59.9 keV-to-1332 keV,
which is critical for assessing their effectiveness against X-rays and gamma rays. We
will compare our experimental results with those calculated using the XCOM program
developed by Berger and Hubbell, which provides a reliable database for photon cross-
sections over a wide energy range [29]. Additionally, this study will examine several key
radiation shielding parameters, including the mean free path (MFP), radiation protection ef-
ficiency (RPE), half-value layer (HVL), and effective atomic number (Z,g) for the fabricated
eumelanin samples. These parameters are essential for evaluating the suitability of the syn-
thesized composites for radiation shielding applications. By systematically exploring these
aspects, this research aims to contribute valuable insights into the potential of metal-doped
eumelanin as a viable alternative to conventional radiation shielding materials.

2. Materials and Methods
2.1. Sample Preparation

Natural eumelanin was extracted from Nigella sativa, as mentioned in Ref. [18]. To
this, 15 g of Nigella sativa eumelanin was treated with 100 mL of sodium hydroxide (2 M)
and sonicated using an ultrasound device for 3 h at 100 °C. About 50 mL of hydrochloric
acid (2 M) was distilled with a burette while stirring the concentrated melanin mixture and
monitoring to adjust the pH to 6.5.

For the preparation of iron-doped eumelanin (Fe-Mel), iron(II) chloride (FeCl3) was
added to the eumelanin solution in a 1:10 ratio. The resulting mixture was left in each
sample for three weeks while the color changed from red to transparent in the melanin
sample with iron chloride, red to transparent in the eumelanin sample with copper chloride,
and white to transparent in the melanin sample with zinc oxide. Subsequently, the samples
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were centrifuged at 3000 rpm for 2 min, and then dried in an oven at 60 °C for 48 h. Similar
procedures were followed to create copper-doped (Cu-Mel) and zinc-doped eumelanin
(Zn-Mel) using CuCl, and ZnCly, respectively. All resulting compounds were all black
in color. A PerkinElmer 580 B-IR spectrometer (industrialbid, Las Vegas, NV, USA) was
used to obtain Fourier transform infrared (FTIR) spectra. The SERON-AIS 1800C scanning
electron microscope (SEM), Seron Technologies Inc., Uiwang, Republic of Korea: was used
to study the morphology and has a resolution of ~20 um. The APEX™ EDS software
program was used for collecting and analyzing energy-dispersive X-ray spectroscopy
(EDS/EDX). The synthesis process is illustrated in Figure 1. XRD measurements were
conducted using a Discover diffractometer (Bruker (Billerica, MA, USA): D8 with Cu-Ko
radiation, A = 1.5406A).

HCL acid
Isolated 3 weeks

< < <& o

b= «
S ‘ — | — 2 oY)
2 — . 1 I ——
- ‘.7777/’ i w‘\/ — - )
Nigella sativa RS Zn,CHH,0  CuCl#H,0  FeCl+H;0 at 3000 rpm for 2 min.
eumelanin
Gamma source &
w8 *

= - .

at60°C fordg hr
Pressedfor 30s at 31MPa

The Maestro-ORTEC

FTIR and SEM characterization

Figure 1. Schematic of the process followed for the synthesis of eumelanin doped with Zn, Fe, and
Cu ions.

The samples were formed into discs after characterization by FTIR and SEM using a
manual hydraulic press machine for 30 s at 31 MPa, as shown in Figure 1. The density of
the samples was then determined by dividing their mass (in grams) by their volume (in
cubic centimeters).

2.2. Evaluations of Gamma-Ray Shielding Parameters

Theory:
The primary parameter under investigation is the linear attenuation coefficient, y,
which can be calculated using Equation (1) [28].

[=1I,¢H 1)

where x represents the thickness of the sample measured in (cm) and I and I, denote the
beam intensity after traversing the thickness and the initial intensity, respectively. The
linear attenuation coefficient (1) was used to calculate the mass attenuation coefficient (y,;)
using the following formula:

_HK 2
Hm 0 )

This formula ensures an accurate evaluation of attenuation properties among materials
with varying densities by establishing an individual relationship between p and ;.
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The error of the A y;,;, measurement is calculated using Equation (3).

e RO

where A px, Al,, and Al are the error of the mass density, unattenuated photon intensity,

and attenuated photon intensity, respectively.
The half-value layer (HVL) is the thickness required to cut the amount of radiation in
half and is calculated as shown in Equation (4) [30]:

HVL = In2/, @)

The mean free path (MFP), defined as the average distance between two consecutive
gamma photon interactions, is measured in centimeters (cm) [31]. The mean free path can
be determined using Equation (5):

MFP = 1/ ©)

where y is the linear attenuation coefficient in inverse centimeters (cm™1).

In addition, radiation protection efficiency (RPE) can be employed to evaluate the
shielding effectiveness of composite samples based on the linear attenuation coefficient y,
as described by the following relation [32].

RPE = (1—¢7#) x 100 (%) ©6)

The mass attenuation coefficients are used to calculate the total atomic cross-section,
which can be determined using Equation (7).

(ﬂm)sumple

= NAYT(Wi/ A7) @

Oq

In this equation, N4 represents Avogadro’s number, and A; represents the atomic

Weight of the constituent element in the sample. The total electronic cross-section for the
element can be found using Equation (8) [33].

1 &fi A
o= 5= LI (), ®

In this equation, fi represents the number of atoms of element I relative to the total
number of atoms in the composite material, and Z; represents the atomic number of the
ith element in the sample. The selection of a suitable material for radiation dosimetry
and detection relies heavily on the effective atomic number (Zeﬁc) and effective electron
number (N4). To obtain the compound’s effective atomic number (Z.4), one may calculate
the ratio between the total atomic cross-section and the total electronic cross-section using
Equation (9) [23].

0,
Zefy = o )

2.3. Experimental Setup

The fabricated eumelanin samples were irradiated using three typical point sources:
214 Am (59.5 keV), 1%7Cs (661.7 keV), and ©°Co (1173.2 and 1332.5 keV). A sodium iodide
(Nal (TT)) scintillation detector measuring 2” x 2” was employed to quantify the energy
intensity. To protect the system from background radiation and scattering, a lead container
was used. The Maestro-ORTEC (version 7.2) was utilized to analyze and identify gamma
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spectra. Each sample was exposed to 1800 s of radiation to provide reliable statistical results.
Figure 2 illustrates the use of two collimators, each with a diameter of 0.3 cm, positioned
in front of the source and detector. These collimators are made of lead and shaped like a
disc with a thickness of 1.5 cm. The center of each collimator has a hole with a diameter
of 0.3 cm. The distance between the point source and the sample was 10.3 cm, while the
distance between the point source and the detector was 14.6 cm. Afterwards, the source
was placed, and the initial gamma radiation, referred to as Io, was detected. Ultimately, the
gamma counts for each material were determined at different thicknesses. To provide an
unbiased evaluation, we calculated the relative counts (I/1,) for different thickness values
of the samples and subsequently evaluated them.

Gamma source

\_// Lead container

-<\ Eumelanin sample

PC

" e 4
— Collimator

Maestro-ORTEC

Detector

Figure 2. Schematic of the experimental setup.

3. Results and Discussion
Characterization

SEM examination can provide insight into the structural organization of eumelanin.
Figure 3 shows that all samples lacked a typical structural structure. Eumelanin samples
were shown as small compasses and aggregated likes hetero-polymer consisting of diverse
units. That decreased after being doped with transition metals (Fe, Zn, and Cu). The EDX
analysis was applied to analyze the elemental and chemical composition of the eumelanin.
The EDX results indicated the amplest elements with the superlative compositions for
carbon atoms with Weights from 90% to 62.78%. The EDX results showed the highest
concentrations of elements, particularly carbon atoms, which ranged from 90% to 62.78%.
In contrast, the percentage of oxygen decreased significantly from 22% after doping with
transition metals, dropping to 9.8% in the zinc sample (Mel-Zn). Meanwhile, the copper
and iron samples each exhibited oxygen levels of approximately 7%. This indicates that
metal-oxide bonds are likely forming due to the doping process with transition metals.
TEM images analyzed the nano-size and cluster -shape of eumelanin. The structure appears
to be sheet-like, with a rather uniform texture. Small granules are observed on the surface,
indicating nanoparticle dispersal. Doping with metal ions results in a more defined,
organized structure than pure eumelanin.
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Figure 3. SEM micrographs and TEM images of eumelanin doped with Zn, Fe, and Cu ions.
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Intensity (a.u)

As shown in Figure 4, The FTIR transmission spectra for pure eumelanin and metal-
doped (Zn, Fe, and Cu) ions samples were analyzed in the range of 450-to-4000 cm~!. The
spectrum of eumelanin reveals the presence of the catechol (O-H) group, characterized
by a broad band at 3400 cm~!. Additionally, (C-H) stretching vibrations are indicated
by bands at 2910 cm~! and 2841 cm™~!. The band observed at 1638 cm~! is attributed to
the presence of carboxylate (COO™) and/or aromatic (C=C) groups [24]. The signals in
the range of 2800-3800 cm ! arise from (O-H) and (N-H) stretching vibrations, reflecting
the presence of both hydroxyl and amine groups. Furthermore, bands at 1042 cm™!
and 1530 cm~! are associated with carboxylic acid and phenolic groups, while (C-H)
vibrations contribute to the peak in the range of 671-698 cm~!. Notably, changes occur
in the FTIR spectrum upon bonding of Zn, Fe, and Cu ions to natural eumelanin. The
(O-H) group shifts from 3404 cm ™! to a higher wavenumber, indicating that the metal
ions are interacting with the oxygen atoms in the functional groups of eumelanin. The
peak intensity at 1640 cm~!, related to COO~, decreases and shifts slightly to 1638 cm ™!,
suggesting a bonding interaction between the metal ions and the ionized acid group. When
Fe and Cu ions are present, the stretching modes associated with (C=C) or (COO™) at
2912 cm~! and 2840 cm~! shift to 2926 cm~! and 2856 cm ™!, respectively. In contrast, the
FTIR spectra indicate that Zn ions do not significantly affect the structure of eumelanin.
The XRD patterns show eumelanin before and after doping with Zn, Fe, and Cu ions. The
XRD findings indicate that all of our samples have amorphous structures. The peak at 20°
represents the production of eumelanin. Furthermore, there is a minor shift associated
with a significant decrease in the strength of this peak in all co-doped samples, indicating
that metal ions are connected to eumelanin. Furthermore, no additional Fe, Zn, or Cu
peaks arise in the XRD patterns, indicating that the doped metal ions are well bound to the
eumelanin molecule.
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Figure 4. XRD patterns and FTIR spectra of eumelanin and Fe, Cu, and Zn ions.

The densities of Fe, Cu, and Zn samples with eumelanin were calculated to determine
the physical properties of the compounds and to measure radiation properties. Table 1
presents the experimental values of the calculated densities, revealing that the density of the
samples varies depending on the component compositions and the type of material added
to the eumelanin compound. In general, the addition of Fe, Cu, and Zn compounds to
eumelanin clearly increased the density of the samples in different proportions; the Mel-Fe
sample showed the highest density, with percentage increases of 6.01%, 4.98%, and 3.16%
compared to the Mel density of the Mel-Fe, Mel-Cu, and Mel-Zn samples, respectively.
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Table 1. Composition and calculated density of fabricated eumelanin samples.

Element Composition (%) Density
Samples 3
o Al S P Fe Cu Na Zn (g/em”)
Mel 77.00 22.00 0.33 0.30 0.33 - - - - 1.264
Mel-Fe 81.00 7.00 0.32 0.33 - 11.01 0.34 - 1.340
Mel-Cu 77.00 7.00 - 0.66 0.33 - 15.00 - - 1.327
Mel-Zn  78.60 9.80 0.08 0.08 0.08 - - - 11.10 1.304

Energy-dispersive X-ray spectroscopy (EDX) is a key analytical technique for deter-
mining the elemental composition of samples, which is essential for various applications in
radiation measurements. By identifying and measuring the elements present, EDX helps to
theoretically calculate properties such as the mass attenuation coefficient. mass attenuation
coefficient describes a material’s ability to attenuate X-rays or gamma rays, and allows
comparison with experimental results. This analysis is critical for developing materials
with specific radiation attenuation properties, such as those used in radiation shielding,
nuclear science, and radiology. EDX is often used in conjunction with techniques such as
scanning electron microscopy (SEM) to provide comprehensive material characterization
and microstructural analysis, allowing researchers to optimize materials for use in radiation
environments. Table 1 displays the mass distribution ratios of the constituent materials
in the fabricated eumelanin samples. The mass distribution ratios of 15% were used for
all Fe, Cu, and Zn samples that were added to the eumelanin. However, the ratios of 11%
were used for the Fe and Zn samples after they were made for theoretical and experimental
calculations.

The addition of iron (Fe), copper (Cu), and zinc oxide (Zn) to eumelanin leads to
notable changes in both the linear and mass attenuation coefficients, suggesting that these
additives enhance eumelanin’s ability to attenuate gamma radiation. The experimental
results for four different gamma energies—59.5 keV (from 214 Am), 661.7 keV (from 137Cs),
1173.2 keV, and 1332.5 keV (from ®°Co)—were obtained by averaging the results for each
sample in each photon energy.

Figure 5 shows that the linear attenuation coefficient (¢) is higher for eumelanin
samples with added Fe, Cu, and Zn compared to pure eumelanin (Mel), especially at lower
gamma energies due to the higher atomic numbers of Fe, Cu, and Zn, which enhance photon
absorption through the photoelectric effect. At 59.5 keV (*'* Am), pure eumelanin (Mel)
has a p value of 0.193, while Mel-Fe increases significantly to 0.309, Mel-Cu shows an even
higher value of 0.420, and Mel-Zn has an elevated p value of 0.393. This substantial increase
for Cu and Zn additives indicates their strong enhancement of photon absorption via the
photoelectric effect, with Cu providing the most significant increase in attenuation at lower
gamma energies. However, at higher gamma energies (661.7 keV from '¥Cs, 1173.2 keV
from ®0Co, and 1332.5 keV from ®’Co), the differences in u between the additives are less
pronounced. For instance, at 661.7 keV the p values for Mel-Cu, Mel-Fe, and Mel-Zn
are 0.085, 0.087, and 0.088, respectively, which are close to each other. At these higher
energies, all samples, even pure eumelanin, have u values that are pretty close to each
other. This means that Compton scattering, not the photoelectric effect, is the main way
that the samples interact, with the addition of Fe, Cu, and Zn having almost no effect on
the attenuation.
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Figure 5. Measurement of the relationship between the linear attenuation coefficient and photon
energy in fabricated eumelanin samples.

An essential measure for evaluating the gamma-ray shielding efficiency of materials,
regardless of their density, is the mass attenuation coefficient (y;). As shown in Table 2,
adding Fe, Cu, and Zn to eumelanin makes the mass attenuation coefficients much higher at
lower gamma energies, like 59.5 keV, where the photoelectric effect is strongest. Eumelanin,
in its pure form, has a y,;, value of 0.153. However, the inclusion of Fe, Cu, and Zn raises
the y,;, values to 0.230, 0.316, and 0.302, respectively. This trend demonstrates that the
addition of higher-atomic-number elements (Fe, Cu, and Zn) leads to an increase in photon
absorption through the photoelectric effect. Among these additions, Cu and Zn exhibit the
most notable increase. At gamma energies in the middle, like 661.7 keV, when Compton
scattering is the main way that particles interact, the mass attenuation coefficients for
all samples are very close to each other. They are Mel (0.067), Mel-Fe (0.065), Mel-Cu
(0.064), and Mel-Zn (0.068). This suggests that the influence of the atomic number is
less significant, and that electron density has a greater effect on attenuation in this range.
At higher energy levels (1173.2 keV and 1332.5 keV from %°Co), the mass attenuation
coefficients are even more similar across all samples, with values that are very close to
each other. This observation indicates that the impact of the additives is insignificant when
Compton scattering is the dominating factor. Furthermore, the error values seen in Table 2
are indicative of the experimental difficulties encountered when measuring attenuation
coefficients at various energies and for different materials. Higher error rates were seen at
lower gamma energies (59.5 keV), ranging from 0.014 to 0.028. This could be because the
method is more sensitive to changes in sample preparation, thickness, and photoelectric
interactions, especially when high-Z additions like Cu and Zn are used. By comparison,
the reduced errors seen at intermediate and high energies (661.7 keV, 1173.2 keV, and
1332.5 keV) indicate more dependable results. These data are characterized by a decreased
sensitivity of the primary interaction mechanisms (Compton scattering) to these parameters,
with error values ranging from 0.003 to 0.005.
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Table 2. Linear and mass attenuation coefficients of fabricated eumelanin samples measured experi-

mentally.
24 Am (59.5 keV) 137Cg (661.7 ke V) 60Co (1173.2) 60Co (1332.5 keV)

Samples Error Error Error Error

N O I N € N B x%) ¥ B (%)
Mel 0193 0.153 0.014 0.084 0.067 0.008 0.070 0.056 0.005 0.068 0.054 0.004
Mel-Fe 0309 0230 0.017 0.087 0.065 0.007 0.072 0.054 0.006 0.069 0.052  0.004
Mel-Cu 0.420 0316 0.028 0.085 0.064 0.010 0.074 0.056 0.004 0.070 0.052  0.003
Mel-Zn 0393 0.302 0.024 0.088 0.068 0.007 0.072 0.056 0.006 0.068 0.053  0.005

Figure 6 displays the quantitative mass attenuation coefficients obtained from experi-
mental measurements in our investigation within the energy range of 59.5 keV-1332.5 keV,
together with the theoretical values within the broader range of 10 keV-2000 keV. The
observed trend is that the i, exhibits a rapid drop as the photon energy increases, while it
increases with the Weight of the additive material (Fe, Cu, and Zn). It is clear that the 1, is
affected by both the filler mass and photon energy. This aligns with the findings reported
in the study conducted by [34]. These findings indicate that the inclusion of Fe, Cu, and
Zn is very efficient in reducing the intensity of low-energy gamma rays. This makes these
composites appropriate for applications such as medical imaging or radiation shielding,
where low-energy photons are common. Nevertheless, when dealing with higher-energy
gamma rays, where Compton scattering is the primary factor, the impact of these additions
on mass attenuation is insignificant. In such cases, other material characteristics, such
as mechanical strength or cost, may become more crucial in the choice of materials for
radiation shielding. This study is very important for making eumelanin-based composites
that are specifically designed for certain radiation shielding tasks based on the gamma rays
that are used.

The differences in the i, of the fabricated eumelanin samples, as presented in Table 3,
can be attributed to many aspects associated with the samples’ characteristics, the settings
in which the experiments were conducted, and the constraints of the theoretical model. For
example, the sample Mel exhibits a percentage deviation of 15.00% at 59.5 keV, which then
drops to 1.82% at 1332.5 keV. The fact that the deviation decreases as the energy level rises
suggests that lower photon energies are more affected by factors like sample composition,
uneven density, and possible contaminants that can change attenuation measurements.
Furthermore, Mel-Fe demonstrates a significant divergence of 21.23% at 59.5 keV and 5.45%
at 1332.5 keV, suggesting a considerable influence of Fe inclusion on photon interactions,
especially at lower energy levels when photoelectric absorption is the dominant factor. The
different deviations seen in different samples, like Mel-Cu (19.59% at 59.5 keV and 3.70%
at 1332.5 keV) and Mel-Zn (14.69% at 59.5 keV and 3.64% at 1332.5 keV), show how the
different atomic numbers and cross-sections of the elements used have an effect. The greater
disparities observed at lower energy levels may be attributed to the heightened probability
of scattering and absorption phenomena, as well as the partial penetration of photons.
Conversely, at higher energy levels a tighter correspondence between experimental and
theoretical values suggests a diminished influence of these secondary effects. Furthermore,
the observed values are crucially influenced by experimental parameters such as detector
efficiency, source-to-sample distance, and beam alignment. These factors contribute to
minor variations of WinXCOM'’s theoretical predictions, which assume optimal situations.
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Figure 6. Theoretical (WinXCOM) and experimental mass attenuation coefficients for eumelanin
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Table 3. Comparison of experimental and WinXCOM results based on the mass attenuation coeffi-

cient

s of the fabricated eumelanin samples.
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59.5 0.153 0.180 15.00
661.7 0.067 0.077 12.99
Mel 11732 0.056 0.059 5.08
13325 0.054 0.055 1.82
59.5 0.230 0.292 21.23
661.7 0.065 0.077 15.58
Mel-Fe 11732 0.054 0.058 6.90
13325 0.052 0.055 5.45
595 0.316 0.393 19.59
661.7 0.064 0.076 15.79
Mel-Cu 11732 0.056 0.058 3.45
13325 0.052 0.054 3.70
595 0.302 0.354 14.69
661.7 0.068 0.077 11.69
Mel-Zn 11732 0.056 0.058 3.45
13325 0.053 0.055 3.64
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Table 4 shows that comparing u;, at 59.5 keV is crucial, as this low gamma energy

is where the photoelectric effect dominates, making it highly relevant for evaluating the
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efficiency of shielding materials. With a i, of 0.153 cm? /g (experimental) and 0.180 cm? /g
(theoretical), eumelanin showed a lot of promise as a radiation shield in this study. Com-
pared to widely used polymeric shielding materials such as poly(methyl methacrylate)
(#m = 0.109 cm?/g) and polypropylene (0.126 cm?/g), eumelanin achieves approximately
40%- and 21%-higher attenuation, respectively, highlighting its superior performance for
use in radiation panels and medical dosimetry tools, where conventional materials often
fall short in low-energy gamma shielding. Also, eumelanin works well against aromatic
polymers that are known for having high attenuation properties. For example, phenol-
formaldehyde resin = 0.173 cm? /g and polycarbonate = 0.172 cm?/g are only 11%- and
12%-different from eumelanin. These materials are commonly used in radiation detector
housings and industrial shielding, but they lack the biocompatibility and eco-friendly
properties that eumelanin offers. Unlike these conventional materials, eumelanin provides
dual functionality, combining effective gamma-ray attenuation with free radical scavenging
properties, making it highly valuable for biomedical applications, including wearable pro-
tective garments, medical implants, and device coatings, where both radiation protection
and biological safety are critical.

Table 4. Mass attenuation coefficient values compared to other materials studied at 59.5 keV in the
literature.

Study Study Theme Material Hm(cm?/g)

phenol-formaldehyde resin

Sing:l;5et al. Simulation (MCNP) (0=136g Jem?) 0.173
1351 Simulation (MCNP)  Polycarbonate (o = 1.22 g/cm?) 0.172

. Poly(methyl methacrylate)
Kucuk et al. Experimental y (0= 1?,1 8¢ /cm3)y 0.109
[36] Experimental Polypropylene (o = 0.946 g/cm?) 0.126
Experimental Polyethylene (o = 0.920 g/cm?) 0.112
Experimental eumelanin (Mel) 0.153
Theoretical (XCOM) eumelanin (Mel) 0.180
This study Experimental Mel-Fe 0.230
Experimental Mel-Cu 0.316
Experimental Mel-Zn 0.302

The HVL values of eumelanin polymer samples with added Fe, Cu, and Zn were
obtained at 59.5 keV, 661.7 keV, 1173.2 keV, and 1332.5 keV. At 59.5 keV, the half-value
layer (HVL) measurements for Mel, Mel-Fe, Mel-Cu, and Mel-Zn were 3.591 cm, 2.243 cm,
1.650 cm, and 1.763 cm, respectively, as shown in Figure 7. Copper exhibited the greatest
attenuation at 54.0%, followed by zinc at 50.9% and iron at 37.6%, signifying an increased
photoelectric absorption attributable to their elevated atomic numbers. At 661.7 keV, the
half-value layer (HVL) measurements were 8.250 cm for Mel, 7.966 cm for Mel-Fe, 8.153 cm
for Mel-Cu, and 7.875 cm for Mel-Zn. Zinc had the most attenuation (4.5%) because
it has the best atomic number and density for Compton scattering. At 1173.2 keV, the
half-value layer (HVL) measurements were 9.900 cm (Mel), 9.625 cm (Mel-Fe), 9.365 cm
(Mel-Cu), and 9.625 cm (Mel-Zn), with copper exhibiting the most significant drop at
5.4%. At 1332.5 keV, the half-value layer (HVL) measurements were 10.191 cm (Mel),
10.043 cm (Mel-Fe), 9.900 cm (Mel-Cu), and 10.191 cm (Mel-Zn), with copper exhibiting
the lowest HVL value at 2.9%. Copper doping consistently showed better effectiveness
across all energy levels, establishing it as the most effective dopant, but zinc and iron also
enhanced shielding.
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Figure 7. Half-value layer (HVL) of the fabricated eumelanin samples at photon energies of 59.5 keV,
661.7 keV, 1173.2 keV, and 1332.5 keV.

The mean free path (MFP) is an essential quantity in radiation shielding that quantifies
the average distance covered by a photon within a material prior to its interaction. The
mean free energy (MFP) values for eumelanin (Mel) and its composites with iron (Fe),
copper (Cu), and zinc (Zn) at different photon energies (59.5 keV, 661.7 keV, 1173.2 keV,
and 1302.5 keV) are shown in Figure 8. The results show that adding Fe, Cu, and Zn to
eumelanin greatly lowers the MFP at lower energy levels, which suggests better attenuation
properties. At 59.5 keV, pure eumelanin has an MFP of 5.172 cm. This value significantly
reduces to 3.244 c¢cm for Mel-Fe, 2.385 cm for Mel-Cu, and 2.540 cm for Mel-Zn. The
observed decrease shows that some additions, especially copper, make it much easier
for photons to be absorbed by the photoelectric effect. This results in fewer mean free
pathways and better shielding at low energy levels. The experimental findings are in
excellent agreement with the theoretical predictions (WinXCOM), with minor deviations
likely caused by experimental circumstances and sample preparation.

The variations in the MFP among the samples become less significant at higher photon
energies (661.7 keV, 1173.2 keV, and 1332.5 keV) when Compton scattering is the dominant
factor. At an energy level of 661.7 keV, the MFP values exhibit considerable proximity—
11.810 cm for Mel, 11.478 cm for Mel-Fe, 11.775 cm for Mel-Cu, and 11.280 cm for Mel-
Zn—demonstrating little deviation. This behavior persists at 1173.2 keV and 1332.5 keV,
when the MFP values for all samples approach a range of 13-15 cm. This suggests that the
additives have a reduced influence on the attenuation characteristics at these higher energy
levels. The findings indicate that the addition of Fe, Cu, and Zn to eumelanin greatly
enhances its ability to protect against lower energy levels. Among these, Cu exhibits the
highest level of efficacy, but its impact decreases at higher photon energies.

The radiation protection efficiency (RPE) values for eumelanin (Mel) and its composites
with Fe, Cu, and Zn indicate significant variations in shielding effectiveness across different
photon energies, as shown in Figure 9. At a low energy of 59.5 keV, pure eumelanin exhibits
an RPE of 17.581%, which is notably increased by adding Fe, Cu, and Zn, resulting in
RPE values of 26.529%, 34.251%, and 32.545%, respectively. This shows that Cu offers the
highest improvement in radiation protection at this energy level. As the photon energy
increases to 661.7 keV, the RPE values decrease, showing less differentiation between the
samples—8.119% for Mel, 8.344% for Mel-Fe, 8.142% for Mel-Cu, and 8.483% for Mel-Zn—
indicating a modest enhancement with these additives. At the even higher energies of
1173.2 keV and 1332.5 keV, the RPE values continue to converge, with Mel having 6.833%
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and 6.597%, Mel-Fe having 6.982% and 6.733%, Mel-Cu having 7.162% and 6.668%, and
Mel-Zn having 7.041% and 6.676%, respectively. These results suggest that while Fe, Cu,
and Zn significantly improve the radiation protection efficiency of eumelanin at lower
energies, their impact becomes more uniform and less pronounced at higher energies.
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Figure 8. The mean free path (MFP) for the Mel, Mel-Fe, Mel-Cu, and Mel-Zn samples at photon
energies of 59.5 keV, 661.7 keV, 1173.2 keV, and 1332.5 keV.
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Figure 9. Relationship between RPE and energy in the Mel, Mel-Fe, Mel-Cu, and Mel-Zn samples.

As shown in Figure 10, the effective atomic number (Z,4) results for pure eumelanin
(Mel) and its composites with Fe, Cu, and Zn show a significant increase in radiation
shielding effectiveness due to metal doping, particularly at lower photon energies. Figure 10
shows that at 59.9 keV the Z increases from 5.478 for pure eumelanin to 7.514 for Mel-
Fe, 9.655 for Mel-Cu, and 9.462 for Mel-Zn, demonstrating that Cu provides the highest
enhancement. As the photon energy increases, the Z,4 values for all samples converge,
indicating less variation between the doped and undoped samples. At 661.6 keV, the
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Zeff values are 5.544 for Mel, 5.645 for Mel-Fe, 5.831 for Mel-Cu, and 5.980 for Mel-Zn,
while at 1332 keV they are 6.253, 6.342, 6.681, and 6.483, respectively. This convergence
suggests that the impact of metal additives on Z is more pronounced at lower energies,
where radiation shielding improvements are more significant, highlighting the potential of
Cu-doped eumelanin for optimized shielding applications.
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Figure 10. The effective atomic number (Z,¢) of the fabricated eumelanin samples.

4. Conclusions

This study demonstrates that doping eumelanin with metals like iron (Fe), copper (Cu),
and zinc (Zn) significantly improves its gamma radiation shielding properties, particularly
at lower photon energies. The results show that both the linear () and mass attenuation
coefficients (ji,,;) are notably higher for doped samples compared to pure eumelanin. For
instance, at a low energy of 59.5 keV pure eumelanin exhibits a y value of 0.193, which
increases to 0.309 for Mel-Fe, 0.420 for Mel-Cu, and 0.393 for Mel-Zn. Similarly, the mass
attenuation coefficient increases from 0.153 cm2/g for pure eumelanin to 0.230, 0.316, and
0.302 cm?/ g for Mel-Fe, Mel-Cu, and Mel-Zn, respectively. These increases are attributed to
the higher atomic numbers of Fe, Cu, and Zn, which enhance photon absorption via the pho-
toelectric effect. However, at intermediate and higher energies (661.7 keV-to-1332.5 keV),
where Compton scattering dominates, the differences in attenuation coefficients among the
samples diminish, indicating a reduced impact of the metal additives.

Furthermore, the mean free path (MFP) and radiation protection efficiency (RPE)
results further demonstrate the benefits of metal doping at a low photon energy. At
59.5 keV, the MFP is reduced from 5.172 cm for pure eumelanin to 3.244 cm for Mel-Fe,
2.385 cm for Mel-Cu, and 2.540 cm for Mel-Zn, indicating improved photon absorption
and enhanced shielding effectiveness. The RPE values at the same energy level show a
substantial increase, with pure eumelanin having an RPE of 17.581%, which rises to 26.529%
for Mel-Fe, 34.251% for Mel-Cu, and 32.545% for Mel-Zn. According to these results, all
three additives make eumelanin a better shielding material at low-energy gamma rays, but
copper (Cu) does the best overall, showing the highest improvement in both attenuation
coefficients and radiation protection efficiency.
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Abstract: Herein, we report a comprehensive investigation on the thermal transitions of thin
films of poly [2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione -3,6-diyl)-alt-
(2,2;5',2";5" 2" -quaterthiophen-5,5""-diyl) [PDPPAT, poly[2,6-(4,4-bis-(2-ethy-lhexyl)-4H-
cyclopenta [2,1-b;3,4-b]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] PCPDTBT, 1:1 blend
of PDPP4T and PCPDTBT, and their composites with gold nanoparticles (AuNPs). The ther-
mal transitions of these materials were studied using variable temperature spectroscopic
ellipsometry (VTSE), with differential scanning calorimetry (DSC) serving as the reference
method. Based on obtained VTSE results, for the first time, we have determined the phase
diagrams of PDPP4T/PCPDTBT and their AuNPs composites. The VISE measurements
revealed distinct thermal transitions in the thin films, including characteristic tempera-
tures corresponding to the pure phases of PDPPAT and PCPDTBT within their blends.
These transitions were markedly different in the AuNPs composites compared to the neat
materials, highlighting the unique interactions between the polymer matrix and AuNPs.
Additionally, we explored the optical properties, surface morphology, and crystallinity of
the materials. We hypothesize that the observed variations in thermal transitions, as well
as the improvement in optical properties and crystallinity, are likely influenced by localized
surface plasmon resonance (LSPR) and passivation phenomena induced by the AuNPs in
the composite films. These findings could have important implications for the design and
optimization of materials for optoelectronic applications.

Keywords: variable temperature ellipsometry; thermal transitions; polymer/nanoparticle
composites; thin films

1. Introduction

The widespread integration of semiconducting organic polymers into the organic
electronics industry has yet to be fully realized. However, due to their low cost and high
efficiency, these materials have been proven to be a promising candidate for future renew-
able energy sources (RESs). One of the most critical challenges currently being addressed
by numerous scientific research groups is the thermal stability of these materials. The study
of thermal transitions in organic semiconductor materials is one of the essential factor
for optimizing the performance and stability of organic electronic devices. Addressing
this issue requires comprehensive studies of their morphology (both surface and internal),
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structural properties, and the impact of fabrication parameters [1,2], which influence the
chemical and physical structure of active layers in devices, such as organic light-emitting
diodes (OLEDs) [3,4] and organic field-effect transistors (OFETs) [5,6]. These studies typi-
cally focus on factors such as polymer molecular weight, thin-film deposition conditions,
solvent selection, and variations in the composition of donor-acceptor polymer blends, all
of which significantly affect charge transport and the overall performance of electronic
devices [7-11]. A major research direction involves exploring polymer with inorganic
metal oxides and metal nanoparticle (NP) composites for enhancing the electronic and
optical properties of polymers [12,13], which are widely utilized across multiple indus-
tries [14-18]. In the field of organic electronics, the most commonly used inorganic metal
nanoparticles are gold and silver nanoparticles [19,20]. These metal nanoparticles enhance
light absorption primarily through the effect of their surface plasmon resonance (SPR).
When exposed to light, the nanoparticles support the collective oscillations of conduction
electrons at specific frequencies that resonate with the incident light. This phenomenon
significantly amplifies the light absorption, with the degree of enhancement depending on
the size and morphology of the nanoparticles. For instance, Pillai et al. demonstrated a 33%
increase in photocurrent for silicon solar cells based on thin films by incorporating metallic
nanoparticles. This improvement results from the enhanced absorption or scattering of
light, driven by the size-dependent properties of the particles, which enable more efficient
light harvesting [21]. Gold nanoparticles (AuNPs), in particular, are a highly effective tool
in manipulating light-matter interactions within organic solar cell (OSC) architectures.
AuNPs can be used in both single and mixed morphologies, providing plasmonic enhance-
ment and light trapping properties. The unique SPR characteristics of AuNPs allow for
the manipulation and control of light at the nanoscale, optimizing the interaction between
light and the material [22].

To improve the thermal and electrical characteristics of organic electronics, one po-
tential research area in the accounts is the study of composite films that combine semi-
conducting organic polymers with inorganic nanoparticles, namely gold nanoparticles
(AuNPs). One such promising composite system is based on two semiconducting polymers,
PDPP4T and PCPDTBT, which are known for their small optical band gaps and high charge
carrier mobility, making them ideal candidates for organic solar cells [23,24]. In PDPP4T,
the diketopyrrolopyrrole (DPP) unit enhances electron affinity, charge transport, and 7-7t
stacking, while the thiophene segments improve backbone conjugation and charge mobil-
ity. Similarly, PCPDTBT incorporates cyclopenta[2,1-b;3,4-b]dithiophene (CPDT) for high
charge mobility and strong m-7t interactions, while benzothiadiazole (BT) boosts electron
affinity and charge separation. The alkyl side chains of both polymers improve solubility
and processability making it well-suited for solution-based fabrication [25]. Incorporating
gold nanoparticles (AuNPs) into blends of these polymers offers a unique opportunity
to study how nanoparticles influence thermal transitions in these materials, ultimately
affecting the material properties and device performance.

In this study, we utilize variable temperature ellipsometry to investigate the thermal
transitions in PDPP4T /PCPDTBT/AuNPs composite films. This powerful technique en-
ables the precise measurement of the film’s optical properties as a function of temperature,
providing valuable insights into the behavior of the composite films. Key thermal transi-
tions, such as the glass transition temperature (Ty), cold crystallization temperature (Tc),
and melting temperature (T};,), are critical for understanding the stability and operational
limits of organic materials in electronic applications [26-30]. By studying these transi-
tions, we aim to uncover how the incorporation of AuNPs affects the thermal properties
of the polymers and polymer composites and explore potential pathways for improving
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the performance and longevity of organic electronic devices like organic solar cells and
light-emitting diodes.

A significant innovation of this work is the development of a phase diagram for the
PDPPAT /PCPDTBT blend, created for the first time using variable temperature spectro-
scopic ellipsometry, with differential scanning calorimetry (DSC) serving as the reference
technique [26,27]. This approach builds upon previous studies where thermal transitions
were determined using raw ellipsometric data (temperature-induced changes in ellipso-
metric angles ¥ and A at a selected wavelength). Along the thermal transition, we also
studied the optical properties and surface morphology. Our results indicate that incorpo-
rating AulNPs significantly impacts the thermal stability and crystallization behavior of the
material, which is crucial for applications in organic field-effect transistors (OFETs). This
work presents a novel contribution to the field, shedding light on the detail investigation
on thermal transition of PDPP4T/PCPDTBT/AuNPs composites and their potential for
use in organic electronics.

2. Experimental
2.1. Materials

We have used two commercial, semiconducting polymers, poly[2,6-(4,4-bis-(2-ethy-
lhexyl)-4H-cyclopenta [2,1-b;3,4-b/]dithiophene)-alt-4,7(2,1,3-benzothiadiazole) [M2096 A3—
PCPDTBT (molar mass My, = 66.499 kDa) [31-33] and poly][2,5-bis(2-octyldodecyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione -3,6-diyl)-alt-(2,2;5,2";5" ,2'""-qua-terthiophen-5,5""-diyl)] M333—
PDPP4T (molar mass M,y = 84 kDa) [25,34,35], which were supplied by Ossila (Ossila Ltd.,
Sheffield, UK). The chemical structures of these polymers are presented in Figure 1a,b. The
gold nanoparticles—AuNPs with a 20 nm diameter were supplied by Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany).

Figure 1. Chemical structures of PCPDTBT (a) and PDPP4T (b).

2.2. Samples Preparation

The polymers PCPDTBT and PDPP4T were dissolved in chloroform at a concentration
of 10 mg/mL. Solutions containing AuNPs were prepared with a 10% weight concentration
of nanoparticles, while maintaining a constant overall concentration of 10 mg/mL. The
specific weight concentrations are provided in Tables 1 and 2.

Table 1. The individual concentrations of pure materials and their blends.

Sample No 1 2 3 4 5
PCPDTBT [%] 100 75 50 25 0
PDPPAT [%] 0 25 50 75 100
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Table 2. The individual concentrations of the composites of polymers and their blends.

Sample No 6 7 8 9 10
PCPDTBT [%] 90 70 45 20 0
PDPPAT [%] 0 20 45 70 90
Au [%] 10 10 10 10 10

All solutions were placed in an ultrasonic bath at 40 °C for approximately 30 min.
The films were prepared using spin-coating and casting techniques onto silicon substrates
(covered with 90 nm of SiO;) and microscope slides (0.1 mm thick). The casting technique
was used for the very thick samples intended for DSC measurements, where the material
was scratched from the surface. The thickness of the prepared films was determined
ellipsometrically and is presented in Table 3, below.

Table 3. The individual thickness values of prepared samples using spin coating, deposited onto
silicon and microscopic glass substrates (number of samples are the same with Tables 1 and 2).

1 2 3 4 5 6 7 8 9 10
SiO, 111 113 114 93 110 90 100 116 111 97

d [nm]
glass 416 511 480 473 490 503 489 470 501 490

The substrates were cleaned following a standard procedure, which included rinsing
with deionized water, ultrasonic cleaning with organic solvents (acetone and methanol),
and drying in a centrifuge. The prepared films were annealed on a hot plate for 10 min at
120 °C to remove any residual solvent, then stored at room temperature in a dry laboratory
box. The films were kept in a rubber-sealed storage container, partially filled with a
hygroscopic gel, and stored in a nitrogen glove box. The films deposited onto silicon
substrates were used for ellipsometric. In case of films deposited onto microscopic glass
substrates, the prepared samples were used for XRD and microscopic analysis.

2.3. Methods

Ellipsometric measurements were conducted using a SENTECH SE 850E ellipsometer
(Sentech, Krailling, Germany), operated with SpectraRay 3 software, covering a spectral
range of 240-2500 nm. Temperature control during measurements was achieved using
a temperature chamber under low vacuum conditions (10~! Tr). The temperature was
regulated by an INSTEC mK 1000 controller (Instec, Boulder, CO, USA), utilizing an
electrical heater and a liquid nitrogen circuit. The optical windows of the vacuum chamber
allowed for measurements at a 70° incidence angle. A standard temperature protocol
was applied, where each sample was heated to 300 °C for 2 min and then rapidly cooled
to —100 °C. Temperature curves were recorded during the heating cycles at a rate of
2 °C/min.

Differential scanning calorimetry (DSC) measurements were performed using a DSC
Q2000 (TA Instruments, Newcastle, DE, USA) with aluminum sample pans. Thermal char-
acteristics were assessed under a nitrogen atmosphere with a gas flow rate of 50 mL/min.
The instrument was calibrated using high-purity indium standards, and the heating and
cooling rates were set to 20 °C/min. DSC measurements were taken for the powders of
PDPP4T and PCPDTBT, as well as for their 50% blend, which were scratched from the glass
substrate.

X-ray diffraction (XRD) scans were carried out on polymer films deposited on Si/SiO;
substrates using a D8 Advance diffractometer (Bruker, Karlsruhe, Germany) with a Cu-Ko
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cathode (A = 1.54 A) in coupled Two-Theta/Theta mode. The scan rate was 1.2° /min with
a step size of 0.02° in the 20 range of 2° to 60° (dwell time 1 s). Background subtraction,
accounting for air scattering, was performed using the DIFFRAC.EVA software V5.1.

The surface morphology of the prepared thin films, including pure materials, their
blends, and composites, was analyzed using an Park Systems XE 100 atomic force micro-
scope, operated by XEI computer program (Park Systems, Suwon, Republic of Korea),
operating in contact mode in air with a constant force regime.

3. Results and Discussion
3.1. Optical Analysis

Spectroscopic ellipsometry is a reflection optical technique that examines the change
in polarization parameters of light reflected from the surface of a sample. Light incident on
the sample is linearly polarized, while after reflection, it is elliptically polarized. The two
main parameters measured by the ellipsometer are called ellipsometric angles—Y¥ and A.
The first parameter, ¥, is the change of the polarization amplitude, while A is the phase
shift between the electrical vectors —p and —s of the electromagnetic beam before and after
reflection from the sample. The relation that connects these parameters is called the main
equation of ellipsometry, describing the complex reflectance coefficient p.

0= etan'y 1

Measurements of ellipsometric angles ¥ and A were performed in the variable an-
gle mode (VASE) of the ellipsometer, in the range of angles 40-70°, every 10°, at room
temperature, in the wavelength range 240-930 nm. The absorption spectra were derived
using an ellipsometric model consisting of four layers, as depicted in Scheme 1. The layers
representing air, polymer, SiO,, and silicon were treated as film-type layers, where the mod-
ulation was achieved by fitting the refractive index (1) and extinction coefficient (k) at each
wavelength (A). It is important to note that these parameters were fitted as pairs, with each
value of n and k corresponding to the same A. The silicon oxide layer was modelled using
a Cauchy layer, with the corresponding relationship detailed in our previous works [26,27].
The mean square error (MSE) for the fitting results was approximately MSE ~ 0.7.

Title Thidkness Layer Type
- A (n1ha NI layer
* 116.69rnm  File layer
5i02 (n3,k3) | 90.00nm  Cauchy layer

File layer

Scheme 1. The ellipsometric model used for the measurement fittings.

Figure 2a,b displays the optical absorption spectra and energy band gaps for pure
PCPDTBT, PDPP4T, their 1:1 blend, and the corresponding AuNPs (10%) composites for
clarity. The remaining absorption spectra are provided in the Supplementary Materials, as
shown in Figure S1.

The spectra of pure materials are denoted in dark blue, while the spectra of their
composites are shown in dark yellow. In all cases, the first strong absorption band, occurring
between 1.25 and 2.25 eV, is associated with 7t-7* electronic transitions, while the absorption
band in the range of 2.25 to 3.5 eV corresponds to n-m* transitions. In the subsequent step,
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Absorbance [a.u]

we calculated the absorption coefficient to determine the energy gaps. The absorption
coefficient & was obtained using the following relation:

o (2.30dz-A) 2

Next, using the relationship (¢E)1/?) as a function of energy, the energy gap values
for each layer were determined through a graphical method by fitting a tangent to the

edge of the first absorption band. The results for all samples are presented in Table 4.

The increased absorption in the PCPDTBT/Au composite compared to the PCPDTBT
spectrum suggests the presence of a plasmonic effect in the material. This is consistent
with the observed decrease in the energy gap value. It is well known that the plasmonic
effect can simultaneously lead to both a shift in the absorption band and an increase in
absorption intensity [36]. This effect arises from changes in the local oscillations of electrons
within gold nanoparticles, which influence electronic transition processes in the polymer.
AuNPs enhance absorption within specific wavelength ranges, contributing to the overall
increase in absorption. In the case of the PDPP4T/Au composite, we observed a slightly
lower absorption intensity compared to pure PCPDTBT, along with a narrowing of the
absorption band. Additionally, a slight decrease in the energy gap (Eq) value was noted.
We attribute this effect to the local passivation of gold nanoparticles [37,38]. We believe
this mechanism is due to the interaction of the polymer material with the surface charge of
the nanoparticles. The DPP group contains oxygen atoms that bind to AuNPs via dipole
attraction. Additionally, this polymer contains long side chains (attached to the DPP group
right next to the oxygen atoms) that are electrostatically attracted also to the nanoparticles
surface. In this case, long, branched chains present in PDPP4T can physically surround
the gold nanoparticles and create a steric barrier that prevents their aggregation and can
stabilize them electrostatically.

120
| PCPDTBT+Au | —— PCPDTBT
——PcCPDTBT 100 {——— PCPDTBT+Au
Eg,=1.39eV
804Eg, =133 eV

7
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Figure 2. Absorption spectra, determined using Spectra Ray 3 (a), and the energy gaps, determined
with the Tauc graphical method (b).
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Table 4. Band gap values for PCPDTBT, PDPP4T, their blends, and nanocomposites with Au

nanoparticles.
PCPDTBT PDPP4T Eg [eV]
Eg[eV

[%] [%] gleVl (+Au)
100 0 1.39 1.33
75 25 1.32 1.38
50 50 1.28 1.31
25 75 1.22 1.29

0 100 1.28 1.29

The minimal changes in the UV-Vis spectrum of the PCPDTBT/PDPP4T/AuNPs
composite, compared to the spectrum of the blend, suggest that both the plasmonic effect
and passivation occur locally within the prepared samples. We believe that the passivation
effect of gold nanoparticles, resulting from the interaction of side chains and oxygen atoms
contained in the PDPP4T polymer, quite strongly suppresses the plasmonic effect that
appears in the PCPDTBT: AuNPs composite. This is probably caused by the relatively
strong screening of nanoparticles by the PDPP4T polymer side chains. However, we believe
that the plasmonic effect is still present in the PCPDTBT: PDPP4T: AuNPs composite
mixture. This is indicated by the slightly increased optical absorption intensity (Figure 2b)
in the region of 2.1-2.45 eV, in the spectrum of the composite compared to the spectrum
of the mixture without nanoparticles. Plasmonic bands, in the UV-Vis spectrum, usually
appear at values of 520-580 nm wavelength, i.e., 2.1-2.3 eV) [39,40].

3.2. Thermal Analysis

Thermal transition analysis was performed using two methods, variable temperature
spectroscopic ellipsometry (VTSE) and differential scanning calorimetry (DSC). In previous
studies [26,27], we presented ellipsometric angles (¥ or A) as a function of temperature
for a selected wavelength (A). For this study, we used A = 930 nm, which exhibited the
lowest dispersion of points. Ellipsometric scans were conducted during heating cycles,
with measurements taken every 10 s. The VISE temperature scans for pure PCPDTBT,
PDPPA4T, their 1:1 blend, and their AuNPs composites (with a nanoparticle concentration of
10%) are shown in Figure 3a—f. The corresponding DSC curves (Figure 4a—c) were obtained
for pure materials and their 1:1 blend. Notably, DSC measurements were not conducted for
the AuNPs composites, primarily due to potential nanoparticle aggregation and their size.
The small sample volume used for the measurements may not ensure uniform nanopar-
ticle distribution, and the nanoparticles could induce localized temperature variations,
disrupting the uniform heat flow within the sample.

Based on the obtained results, it can be concluded that the primary thermal transitions
detectable in both the individual materials and their mixtures are characteristic of this
type of polymer. These transitions include the glass transition temperature (Tg), cold
crystallization temperature (T¢), and melting temperature (T),). For pure materials, the
temperatures detected by the DSC and VTSE methods are generally consistent, with any
observed differences attributed to several factors. These include the state of the material
being tested—where DSC analyzes the powder, while the ellipsometric method examines
the prepared film—and differences in the heating rates. In the VTSE method, the heating
rate during the temperature cycle is 2 °C/min, while in DSC, it ranges from 10 to 20 °C/min.
This manuscript presents results for the most significant materials, i.e., pure polymers,
their 1:1 blends, and their composites. Additional thermal data can be found in the
Supplementary Materials, specifically in Figure S4a—j. The thermal transitions measured
using the VISE method for pure PCPDTBT and PDPP4T are presented in Figure 3a and 3c,
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respectively. Based on the DSC results, we have identified several glass transitions in both

materials.
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Figure 3. A at 930 nm as a function of temperature for PCPDTBT (a), PDPP4T (c), their 50% blend (e),
and their AuNPs composites with 10% Au (b,d,f).

For PCPDTBT, the glass transitions were observed around 30 °C, 61 °C, and 172 °C.
The corresponding DSC curve revealed T, values at approximately 72 °C, 167 °C, and
197 °C. Additionally, the cold crystallization temperature (T¢.) observed during the heating
cycle at around 250 °C was not detected by DSC. This finding aligns with the literature,
which suggests that polymers with a similar chemical structure typically exhibit multiple
glass transitions [41]. The first glass transition, occurring around 30 °C, is likely attributed
to the DPP group, which is commonly observed around 23 °C in DSC measurements.
The two remaining T, values are likely related to the collective motion of the aromatic
rings within the m-conjugated fragments in the polymer’s main chain and the aliphatic
side chains. The glass transition at approximately 61 °C is consistent with our earlier
findings [26,27,41].

For pure PDPPA4T, the glass transition temperatures (T) were detected around 28 °C,
71 °C, and 137 °C, with two cold crystallization temperatures (T.) observed at approxi-
mately 241 °C and 276 °C. The corresponding DSC results showed Ty at around 65 °C and
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290 °C. Additionally, the melting point (T,) was observed around 330 °C. These results are
consistent with those from our previous work [41], where we presented the phase diagram
for PDPP4T: PDBPyBT for the first time, confirming that the temperatures for pure PDPP4T
match those in the phase diagram.

PCPDTBT PDPP4T
= ™
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Figure 4. DSC plots, with a heating rate of 20 °C/min, for pure PCPDTBT (a) and PDPP4T (b) and
for PCPDTBT: PDPPA4T (1:1) blend (c).

In the 1:1 PCPDTBT: PDPPA4T blend, the glass transition was detected around 112 °C,
with cold crystallization occurring at around 240 °C and 281 °C. The DSC results revealed
additional glass transitions at approximately 75 °C, 105 °C, 172 °C, and 197 °C. This
suggests that the internal morphology of the blend film is more uniform compared to the
sample prepared for DSC measurement. Notably, the glass transitions observed in the pure
materials are not present in the VISE graph of the mixture.

In the case of PCPDTBT with gold nanoparticles, the glass transitions appeared at
about 16, 59, 126, 178 °C. One additional temperature (126 °C) probably originates from
local interaction of Au nanoparticles with polymer. As we noted earlier, the presence of
gold nanoparticles influences the thermal properties of the material. We believe that gold
nanoparticles can weaken interchain interactions in amorphous regions. This can result in
higher flexibility of the polymer matrix in the composite compared to the pure material,
which results in the occurrence of thermal transitions at lower temperatures. It should
be emphasized, however, that these differences are not high. An additional Ty at 126 °C
indicates the existence of a second phase in the composite, which could result from the
separation of domains with varying gold contents, for instance. This could be the result
of areas with varying chain mobility, forming as a result of nanoparticles interacting with
particular polymer segments.

In the PDPP4T composite with gold nanoparticles, thermal transitions occur at tem-
peratures of 35, 82, 139, 214, and 270 °C. The last two temperatures are the T, temperatures,
and the rest are the T temperatures. In the case of pure PDPP4T, these temperatures
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are pronounced at about 28, 71, 137, 241, and 276 °C. Higher T, values in composite in
comparison to pure PDPP4T may indicate that the composite has slightly better crystalline
order than the pure material. The lower T, value in the case of composite can result from
fact that the energy necessary to form the crystalline phase may be decreased if nanoparti-
cles alter the packing of the polymer chains, and the polymer matrix may have a greater
ability to form well-developed crystalline regions. In the case of the 1:1 PCPDTBT: PDPP4T
mixture, thermal transitions were noticed at about 112, 240, and 281 °C. In the case of the
composite of the aforementioned mixture with 10% gold nanoparticles, thermal transitions
were present at 24, 71, 157, and 256 °C. We assume that introducing the AuNPs can reduce
the mutual compatibility of PCPDTBT and PDPP4T, leading to the formation of separate
polymer phases (a higher number of T, than in the pure material), each with its own glass
transition. The separated phases also favor the occurrence of LSPR and the passivation of
AuNPs at the same time. The reduction in the glass transition temperature of the polymer
matrix in the composite compared to the pure mixture suggests increased crystallinity of
the composite.

Figure 5 represents the phase diagram, which was constructed using data from DSC
and temperature ellipsometry. Thermal transitions are indicated, as follows: light green
circles for VISE measurements, dark green open circles for DSC transitions in pure materials
and their blends, and red open circles for VISE transitions in material/ AuNPs composites
(10%). The colored regions represent the following specific thermal characteristics: glass
transition temperature (Tg) in pink, cold crystallization temperature (T.) in blue, and
melting temperature (T},) in orange.
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Figure 5. Phase diagram of PCPDTBT, PDPP4T, their PCPDTBT: PDPP4T blend films and their
AuNPs composites.
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The phase diagram clearly illustrates that thermal transitions differ between pure
materials, their blends, and their composites. As previously noted, some transition tempera-
tures are either elevated or reduced. Notably, in the polymer blends, glass transitions occur
at approximately 98, 110, and 113 °C for 25%, 50%, and 75% PDPPA4T content, respectively.
However, these transitions are absent in the composites, suggesting strong interactions
between AuNPs and polymer chains.

The most plausible explanation for this phenomenon is a combination of the local
plasmonic effect, localized surface plasmon resonance (LSPR) [25,36], and the passivation
of AuNPs [37,38]. In the case of the plasmonic effect, nanoparticles influence the glass
transition process, rendering the polymer matrix in the composite more fluid over a wider
temperature range, thereby diminishing the visibility of the blend’s T,. Conversely, if
passivation dominates, gold nanoparticles stabilize the polymer structure, preventing the
distinct glass transition observed in the blends. These findings align well with the optical
results, further supporting the proposed mechanisms.

3.3. XRD Analysis

The XRD patterns of pure PCPDTBT and PDPP4T, their 1:1 blend, and the correspond-
ing AuNPs composites are presented in Figure 6a—c; the remaining XRD patterns have
been added in the Supplementary Materials in Figure S3. In the case of pure PDPP4T
(Figure 6a), a broad amorphous background is observed along with several low-intensity
peaks. While the peaks at approximately (100), (400), and (020) exhibit weak intensity in
the pure material, their intensity increases in the composite, with additional peaks appear-
ing around (001) and (200). These results indicate that pure PDPP4T consists of a mixed
amorphous and crystalline structure. However, in the composite pattern, the presence
of additional peaks at (001), (200), and (400), alongside those originating from the pure
polymer, suggests that the nanoparticles significantly influence the crystallization process.
Moreover, the nanoparticles may form their own crystalline structures, contributing to
the diffraction pattern. This suggests the formation of new crystalline domains or strong
interactions between the nanoparticles and the polymer matrix. From (Figure 6b), in the
spectrum of pure PCPDTBT, two peaks corresponding to crystallization planes appear at
approximately (100) and (300). In the PCPDTBT/ AuNPs composite spectrum, an additional
peak emerges around (200), while the amorphous background is notably reduced. The
amorphous background in the pure PCPDTBT pattern suggests that its structure is not
highly crystalline. The presence of (100) and (300) peaks indicate a mixed-phase structure,
comprising both amorphous and crystalline regions. Comparing this to the composite,
the increased intensity and the appearance of the (200) peak suggest a higher degree of
crystallinity, likely due to AuNPs acting as nucleation sites around which polymer chains
become more ordered [42,43].

This type of pattern indicates an edge-on crystalline orientation, where the crystalliza-
tion planes are arranged parallel to each other, with each plane positioned perpendicularly
to the sample surface.

The XRD patterns of the 1:1 PCPDTBT/PDPP4T blend and its corresponding AuNPs
composite are compared in Figure 6c. Both spectra exhibit a broad amorphous background.
In the pure blend, weak intensity peaks appear at approximately (100), (200), (400), and
(020). However, in the composite, the (100) peak becomes more intense, the (200) peak
disappears, the (300) peak emerges, and the intensity of the (400) and (020) peaks remains
unchanged. These results indicate that both polymers retain a certain degree of crystallinity.
The low-intensity peaks and broad background suggest a predominantly amorphous
structure with small regions of ordered crystallization. In the composite, the appearance
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of the (300) peak suggests the formation of new crystalline structures and interactions
between AuNPs and the polymer matrix.
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Figure 6. The XRD patterns of PCPDTBT (a), PDPP4T (b), 1:1 blend (c), and their AuNPs composites.

Using Scherrer’s law for the (100) peak, the crystallite sizes were calculated (Table 5).
The results show that the crystallite size in PCPDTBT with gold nanoparticles is three times
larger than in the pure polymer. In contrast, the crystallization of pure PDPPA4T is less
affected by the introduction of AuNPs compared to PCPDTBT. For the PCPDTBT/PDPP4T
blend, the increase in crystallite size after AuNPs incorporation follows a trend similar to
that of pure PCPDTBT, with the crystallite size being three times larger.

Table 5. The size of crystallites calculated for pure materials and their composites.

Sample Crystal Size (nm)
PCPDTBT 16.1
+Au 47.3
PDPP4T 18.0
+Au 31.6
BLEND 21.5
+Au 60.3

3.4. Microscopic Analysis

Topographic analysis was conducted on layers of pure polymer materials, their blends,
and nanocomposite materials containing AuNPs additives. The resulting topographic
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images are presented in Figure 7. The root mean square roughness (R;) was used to
characterize the surface of all the tested samples.

15 12.5 10 ZT?\ 5 25 N] 15 125 10 zfﬁ 5 25 Q
PCPDTBT(100%) (a) PCPDTBT(90%):Au(10%) (b)

a 25 5 75 10 125 A5 15 125 10 75 5 25 QO
Hm um
PCPTDBT(50%):PDPPAT(50%) (c) PCPTDBT(45%):PDPPAT(45%): Au(10%) (d)

0 25 5 75 10 125 15 15 125 10 75 5 25 Q

um um
PDPP4T(100%) (e) PDPPAT(90%):Au(10%) (f)

Figure 7. 15 x 15 um 3D topographic surface images of PCPDTBT (a), PDPPA4T (c), their 1:1 blend (e),
and their corresponding AuNPs composites (b,d,f) obtained using AFM microscope.

It is defined with Equation (3) as in [44]:

Ry = \/EZZZ (zi-2)° ©

where m is the number of sampled points, Z; is the height of each point, and Z is the mean
height value [44]. R; was determined for three surface sizes, 1 x 1,2 x 2 and 10 x 10 pm,
and is shown in Figure 8.
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Figure 8. The mean square root of the roughness of PCPDTBT, PDPPA4T, their PCPDTBT: PDPP4T
blend films and their AuNPs composites.

For the clarity of this manuscript, here, we present the morphology of PCPDTBT, PDPP4T,
their 1:1 blend PCPDTBT/PDPPA4T, and their corresponding composites. The rest of the AFM
morphology pictures are presented in the Supplementary Materials in Figure S2a—d).

The results of the study suggest that the pure PCPDTBT polymer thin film (Figure 7a)
has a relatively homogeneous surface, with clearly visible loss and agglomeration. However,
water defects on the surface of the thin film are most likely caused by the agglomeration of
the polymer material caused by the volatility of solvent and interactions of polymer solvent
pair [45]. The remaining surface of the thin film remains smooth, which is characteristic of
PCPDTBT layers resulting from solid state ordering induced by racemic side chains [46].
The addition of AuNPs caused the development of the film surface, which, however,
remained continuous and relatively smooth. The results shown in (Figure 7b) indicate
that the addition of Au nanoparticles induced microstructural changes, likely due to
agglomeration occurring during the mixing of different components in the film [47].

Thin films of blended materials (Figure 7c) exhibit a homogeneous surface with dis-
tinct crystalline structures. Small agglomerated polymer formations are visible; however,
the absence of larger agglomerates (above 2 um) suggests that blending promotes the
ordering of polymer chains. However, considering the findings of other researchers, such
as Wang et al. [48], it is expected that pure polymer semiconductor layers generally have
lower surface roughness compared to blended films. For the blended film (Figure 7d), the
addition of gold nanoparticles led to a reduction in surface roughness. This effect may
be attributed to the influence of the nanoadditive on the ordering of polymer chains or a
phenomenon observed by Nathanael et al. [49]. In their study, an increase in TiO, nanopar-
ticle concentration enhanced the uniformity of the HAp/TiO, film, while reducing its
roughness. Similarly, research by Predoi et al. [50] demonstrated that decreased composite
layer roughness resulted from the formation of uniformly distributed nanoconglomerates
on the surface.

The pure PDPP4T films (Figure 7e) exhibit a more homogeneous surface compared to
the pure PCPDTBT layers, with no material agglomerates larger than 2 pm. Crystalline
fractions are visible on the film’s surface, a characteristic feature of this polymer due to the
crystallization tendency of its alkyl chains attached to the DPP unit. These chains act as
high-solubilizing groups, promoting tight molecular packing in the film [51]. Similar to
PCPDTBT and blend thin films, the incorporation of AuNPs results in a smoother surface.
In the case of PDPP4T/AuNPs layers (Figure 7f), this smoothing effect may be attributed
to the formation of Au nanoclusters within the layers or the development of crystalline or
semi-crystalline structures.
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The surface topography of the produced layers was quantitatively analyzed by deter-
mining the surface roughness coefficient (R;). The addition of Au nanoadditives to both
pure PCPDTBT and its blend resulted in a reduction in surface roughness. This effect was
more pronounced in pure PCPDTBT, likely due to the presence of larger agglomerates
in the pristine material. Interestingly, for PDPPAT films, the R, coefficient increased after
incorporating the nanoadditive, despite the qualitatively smoother surface observed in
microscopic analysis. However, given that the initial roughness of pure PDPPA4T is signifi-
cantly lower than that of PCPDTBT, it can be inferred that the formation of Au nanoclusters
contributed to the increase in roughness. Furthermore, the results suggest that the R,
coefficient of the blended film indicates the effective mixing of the materials, supporting
the hypothesis of improved uniformity in the blend structure.

3.5. General Discussion

The results obtained for pure materials and their composites indicate that several
phenomena occur simultaneously in the tested samples. These include the plasmonic
effect, the passivation of gold nanoparticles, and the role of AuNPs as nucleation centers
influencing polymer crystallization. The plasmonic effect is most pronounced in the
PCPDTBT/Au composite. A comparison of its optical absorption spectrum with that of the
pure material reveals that the gold nanoparticles significantly alter the electronic structure.
This corresponds to a localized plasmonic effect, where surface plasmons are excited
directly on zero-dimensional AuNPs. These plasmons resonate around the nanoparticles,
as illustrated in Scheme 2. It is important to note that the plasmonic effect is primarily
associated with AuNPs that are well-isolated within the polymer matrix [52,53].

|/
electron cloud

Scheme 2. Representation of the localized surface plasmonic effect in the polymer/AuNPs composite.

We noticed that the plasmonic effect also indirectly influences the thermal transitions
of the polymer. The most evident example is the lower cold crystallization temperature (Tc.)
in the PCPDTBT/Au composite, where T, decreases to 214 °C compared to 256 °C in pure
PCPDTBT. These changes in thermal transitions arise from the ability of AuNPs to absorb
light, generating localized heating through localized surface plasmon resonance (LSPR).
This phenomenon enhances polymer chain mobility, accelerating the crystallization process.
This effect is clearly reflected in the XRD spectra, where an increase in the crystalline peak
intensity is observed.

For PDPP4T, the addition of gold nanoparticles leads to a noticeable reconstruction
of the polymer’s crystal structure and improved structural stability. The results suggest
that AuNPs promote the formation of lamellae, which align in parallel planes perpendic-
ular to the sample substrate. As previously mentioned, this corresponds to an edge-on
structure, which facilitates charge transport via 7-stacking interactions. In the case of the
PCPDTBT/PDPPA4T blend, the internal structure remains predominantly amorphous, with
localized crystalline phases. X-ray diffraction results confirm this, showing a strong amor-

98



Polymers 2025, 17, 704

phous background alongside weak peaks corresponding to crystalline planes. Additionally,
thermal and microscopic analyses indicate a high degree of miscibility between the two
polymers. The characteristic thermal transitions of pure PCPDTBT and PDPP4T phases are
nearly absent in the 1:1 blend, suggesting effective mixing at the molecular level. For the
corresponding PCPDTBT/PDPP4T/ Au composite, the emergence of additional crystalline
peaks in the XRD pattern suggests the formation of new crystalline domains or strong
interactions between the nanoparticles and the polymer matrix. This indicates that both
plasmonic and passivation effects are present in the composite, but to a lesser extent than
in the Au nanocomposites of the individual polymers.

The presence of this crystalline arrangement indicates the potential application of
PDPP4T/ Au composites as active materials in organic field-effect transistors (OFETs).

4. Conclusions

In this study, we investigated the thermal and physical properties of a novel polymer
blend—PCPDTBT: PDPP4T—as well as its composite with gold nanoparticles (AuNPs).
Our findings indicate that the local plasmonic effect was not uniformly present in all
samples but was most pronounced in the PCPDTBT/Au composite. This was evidenced by
a significant reconstruction of the electronic band structure observed in the UV-Vis spectra.

AuNPs had a pronounced influence on the thermal transitions within the polymer ma-
trix. Notable effects included a significant decrease in the cold crystallization temperature
(Tec) of PCPDTBT and the disappearance of the glass transition temperature associated with
the PCPDTBT/PDPP4T blend phase at different PDPP4T concentrations in the composites.
In the case of the PCPDTBT: PDPP4T (1:1) mixture layer and its composite with AuNPs, the
obtained thermal test results indicate the high miscibility of the tested polymers. Changes
in thermal transitions, visible in the prepared phase diagram, suggest that, in the case
of the composite, the separated phases promote the occurrence of passivation of gold
nanoparticles and the plasmonic effect at the same time, which is strongly reflected in the
optical absorption spectra also.

Furthermore, the incorporation of AuNPs had a notable impact on the internal struc-
ture of the tested layers, particularly their crystallinity. The most significant structural
changes were observed in the PDPP4T/Au composite, where gold nanoparticles acted as
nucleation centers, what is pronounced with the bigger, average size of appeared crys-
tallites. Through interactions with the polymer chains, the AuNPs promoted a higher
degree of molecular ordering compared to the pure polymer, leading to the formation of
an edge-on crystalline orientation. For the PCPDTBT/PDPP4T composite, we identified
the simultaneous occurrence of two key phenomena: a plasmonic effect—though weaker
than that observed in the PCPDTBT/Au composite—and enhanced structural ordering.
This was confirmed by the presence of additional peaks in the XRD spectra, indicating the
formation of new crystalline domains.

In conclusion, the observed surface plasmon resonance and passivation effects induced
by the presence of AuNPs in these materials presents exciting prospects for future research.
Further investigations should focus on determining whether these phenomena can enhance
the quantum efficiency of the investigated materials, opening up new possibilities for their
application in optoelectronic devices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym17050704/s1, Figure S1: Absorption spectra of pure PCPDTBT,
PDPPA4T, their blends, AuNPs composites (a) and their energy band gaps (b), Figure S2: 15 x 15 um 3D to-
pographic surface images of PCPTDBT(75%):PDPP4T(25%) (a) PCPTDBT(70%):PDPP4T(20%):Au(10%)
(b) PCPTDBT(25%):PDPP4T(75%) (c) and PCPTDBT(20%):PDPP4T(70%):Au(10%) (d), Figure S3:
XRD patterns of PCPDTBT, PDPP4T, their blends and AuNPs composites, Figure S4: Ellipsomet-
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ric ¥ i A temperature scans at wavelength A = 930 nm: (a) PCPDTBT(100%), (b) PCPDTBT(90%)
+ Au(10%), (c) PCPDTBT(75%):PDPPAT(25%), (d) PCPDTBT(70%):PDPP4T(20%) + Au(10%), (e)
PCPDTBT(50%):PDPP4T(50%), (f) PCPDTBT(45%):PDPP4T(45%) + Au(10%), (g) PCPDTBT(25%):PDPP4T
(75%), (h) PCPDTBT(20%):PDPP4T(70%) + Au(10%), (i) PDPP4T(100%), (j) PDPP4T(90%) + Au(10%).
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Abstract: Understanding the structural dynamics of semiflexible polymers in an implicit
solvent under varying conditions provides valuable insights into their behavior in diverse
environments. In this work, we systematically investigate the effect of the angular width
of the bending potential on structural state behavior and conformational variability using
microcanonical analysis. A range of angular widths is explored, with the widest value
corresponding directly to the classic semiflexible polymer model, which exhibits a diverse
set of structural states, including Two-Strand, Three-Strand, Four-Strand, Ring, Random
Coil, and Globule configurations. As the angular width narrows, structural variability
within states decreases, overlap between structural states is reduced, and conformations be-
come more stable, leading to an expansion of the parameter space dominated by individual
structures. By examining microcanonical entropy and its derivatives, we identify transi-
tions analogous to first-, second-, and third-order thermodynamic transitions, providing a
deeper understanding of the configurational landscape of semiflexible polymers.

Keywords: semiflexible polymers; microcanonical analysis; replica-exchange Monte Carlo;
structural phases

1. Introduction

Biopolymers, such as proteins, nucleic acids, and polysaccharides, serve crucial func-
tions within physiological environments, with their roles inherently linked to their struc-
tural configurations [1-4]. Understanding the structural dynamics of these polymer systems
under various conditions is crucial in numerous fields, including drug delivery, tissue
engineering, and nanomedicine [5,6]. Computer simulations have become essential tools
for probing the behaviors of macromolecules. However, while all-atom simulations provide
detailed molecular descriptions, they often face computational limitations for large systems
and yield case-specific insights, limiting their generality. To address these challenges,
coarse-grained effective potential models simplify interactions while preserving essential
physical behavior, enabling broader applicability to mesoscopic polymer systems [7,8].

Semiflexible polymer models, like the worm-like chain model [9] and coarse-grained
bead-spring models [10], are popular due to their simplicity and ability to approximate
biological systems while capturing essential features like bending stiffness. These models
enable the representation of a broad range of structural states by adjusting model pa-
rameters, energy scales, and incorporating additional effective potentials [11]. Analytical
models such as Flory mean-field theory [12] and self-avoiding walk models [13] provide
insights into polymer phase transitions in the thermodynamic limit, where the chain length
approaches infinity. However, the present study focuses on finite mesoscopic polymer
systems, where structural transitions are analyzed within systems of limited size. Unlike

Polymers 2025, 17, 906 https://doi.org/10.3390/ polym17070906
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models designed for extrapolation to bulk thermodynamic behavior, our approach exam-
ines how bending flexibility and angular constraints influence polymer configurations at
experimentally relevant mesoscopic scales. Applications include simulations of helical
structures [14,15], adsorption on surfaces [16,17], multiple-chain aggregation [18,19], dense
packing [20], liquid crystalline ordering in dense polymer solutions [21], crystallization in
semiflexible polymer melts [22], and behavior within confined environments [23].

In this study, we introduce a modified semiflexible polymer model that incorporates
an angular width parameter, w, into a cosine-based bending potential. This parameter
influences the structural stability and diversity of the polymers by scaling the range of
angular offsets where bending energy is felt. For w = 1.0, the model reproduces standard
bead-spring semiflexible polymer behavior, while smaller values (e.g., w = 0.5) narrow the
potential well, leading to enhanced structural stability and expanded dominance of certain
structural states. The angular width parameter w is introduced specifically for use in
coarse-grained polymer models and is not intended for chemically realistic, atomistic-level
modeling. While a similar width factor could be introduced for a harmonic bending poten-
tial, a change in width would be equivalent to a change in well depth, whereas in the cosine
potential, there are two degrees of freedom that can be tuned independently. This versatility
offers new opportunities for exploring structural transitions under diverse conditions.

The modified model is simulated using a two-dimensional replica-exchange Monte
Carlo approach, which efficiently samples structural configurations for systems exhibiting
complex structural transitions [24-26]. The histogram reweighting of canonical ensem-
bles allows us to calculate microcanonical entropy, providing thermodynamic markers of
structural transitions, including first-, second-, and third-order transitions [27,28].

Our findings highlight the dual role of the angular width parameter in promoting structural
stability and diversity, making the variable-width semiflexible polymer model a interesting tool
for studying the structural transitions and dynamics of semiflexible polymers.

2. Materials and Methods
2.1. Model Description

This study employs a coarse-grained semiflexible homopolymer model in which
the bending potential includes an angular width parameter which scales the range of
angular offsets over which the cosine bending restraint is felt. The energy, E, of a polymer
chain with N monomers includes three potentials: a bonded interaction between adjacent
monomers along the polymer chain, a non-bonded interaction between monomers in
physical proximity but not directly bonded by the FENE potential, and a bending potential
associated with bond angles. In this study, we present data for polymer chains of the
lengths N = 30 and N = 40.

Bonded monomers interact according to the finitely extensible nonlinear elastic (FENE)
potential [29]. The FENE potential, presented in Equation (1), depends solely on the
distance between the two bonded monomers, r. A minimum bond energy is achieved
when r = ryg = 1 and the maximum deviation from this value is R = 3/7ry.

Non-bonded monomers separated by a distance less than r. = 2.5¢ interact according
to the Lennard—Jones (L]) potential, which is provided in Equation (2) [30]. The Lennard-
Jones potential has a minimum when monomers are separated by a distance . To achieve
this, we use a parameter ¢ = 2~ 61*(). In order to avoid a discontinuity in energy at r., we
shift the potential by v. = 4[(¢/7¢)'? — (¢/7¢)®]. The bonded and non-bonded interactions
are given by
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vpeng(r) = —log{1 — [(r — r9) /R]*} 1
ory(r) = 4[(e /1) = (0/7)°] = v @)

The widely used cosine-based semiflexible homopolymer model is parameterized as
v(0) = —cos(0 — 6p) [31,32]. We use a reference bending angle of 6y = 0. With this choice,
there is an energy penalty for any deviation from the straight chain configuration. In this
paper, we introduce a generalization of this formulation that incorporates an angular width
parameter, w which controls the range of angular offsets over which the bending potential is
applied. This modification allows for tunable flexibility in the polymer backbone, affecting
both structural stability and conformational variability. The modified bending potential is
given by

06(0) — —wcos(1/w(6—06y)) if |9—90'| < mw, 3)
w otherwise.

The inclusion of the angular width factor, w, determines the width of the potential well,
as shown in Figure 1. When w = 1, this model reduces to the standard semiflexible model.
Choosing a smaller value of w narrows the width of the cosine, causing energetic penalties
to take effect for smaller deviations from 6y. When comparing systems with different
values of w, we find it useful to scale vy by w to maintain an equivalent maximum gradient
of the potential. In exploratory simulations without this scaling, structural comparisons
across different w values were less direct. We empirically observed that including the
scaling factor facilitated a more direct practical comparison of the structures generated
under varying angular widths. Introducing the angular width parameter allows for the
simulation of a wider range of systems exhibiting qualitatively distinct structural behavior.

1.00
0.75 A
0.50
< 0.00
—0.25 A
—0s504 — w=0.5
— w=0.625
— w=0.75
—0.751 — w=0.875
— w=1
_1-00 T T T T T T T
-1 —3n/4 —/2 —n/4 0 /4 /2 3n/4 T

6

Figure 1. Plot of vy as a function of 6 for ¥ = 1. Curves are shown for values of w ranging between
0.5 and 1. Note that the maximum gradient of vy is consistent across for all values of w due to the
scaling of the potential.

The total potential energy of a particular polymer configuration X can be calculated
using the Hamiltonian provided in Equation (4). The Hamiltonian consists of all three
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potentials applied across the entire polymer, with each term being weighted by an appro-
priate energy scale. We use SpgNg = %KR2 with K = (98/5)r3 and Syj = 1 for the FENE
and L] potentials. In this study, the values of Sy vary linearly between a minimum value
of Sg min = 8 and a maximum value of Sy . = 19. This provides a sufficient range for
observing distinct structural transitions. These values were selected to span a broad range
of structural behaviors, based on exploratory simulations.

H(X) = Sy Y ory(rij)+
i>j

SrENE ) UFENE (Tii+1) + So Y ve(6) 4)
7 X

2.2. Parallel Tempering

All simulations in this paper consist of an array of simulation threads, with each thread
generating a canonical ensemble at temperature T and obeying Hamiltonian H. Threads
independently proceed with Monte Carlo updates. Each update changes the energy of the
structure by AE. Any update that separates two bonded monomers by more than ry + R or
brings them closer than ryp — R is immediately rejected. Otherwise, updates are accepted
with probability Pacc = min(1, e~ PAE), where B = 1/kpT. We use units in which kg = 1.

Most Monte Carlo updates consist of single monomer displacements in which a ran-
dom monomer is chosen and then displaced to a random location within a box surrounding
its original location. To enhance sampling efficiency, additional update moves include
the collective displacement of a randomly chosen group of monomers and the rotation of
a polymer segment around an axis perpendicular to adjacent bonds, modifying a single
bend angle.

This study implements a two-dimensional replica-exchange Monte Carlo technique,
also known as two-dimensional parallel tempering. Each thread attempts temperature
exchanges with its neighboring threads at higher and lower temperatures, as well as
Hamiltonian exchanges with neighboring threads with larger or smaller values of Sg. In
this way, replicas perform a two-dimensional random walk in the Sy-T space, allowing for
the efficient sampling of threads across both temperature and bending energy scales.

Exchanges are attempted every 500 Monte Carlo steps. In an exchange, two neighbor-
ing threads attempt to swap configurations, where thread i proposes sending structure X;
to thread j while receiving structure X; in return. The exchange is accepted with probability

Puy — min (1, oBiHi(X:) pPiH (X)) ) -
oBili (X)) oBiH;(Xi)
In the case of a temperature exchange, H; = H; = H and Equation (5) becomes
Pexch,T = min(l, e(/gi_ﬁj)(H(Xi)_H(Xj))). (6)
For the Hamiltonian exchange, f; = p; = p and Equation (5) becomes
Pexcn it = min(Leﬂ(Hz‘(XiHHf(Xj)*Hr‘(Xf)*H/‘(Xﬁ)), )

In this study, variations in the Hamiltonian H correspond to changes in the bending
energy scale factor, Sy. The temperature values T are logarithmically spaced from Ty, =
0.2 to Tmax = 1.6, facilitating efficient sampling across a broad thermal spectrum. For each
set of Sp and T, simulations are performed for values of w ranging from 0.5 to 1.0, where
w = 1.0 recovers the standard semiflexible polymer model.
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3. Results
3.1. Structure Types

A variety of distinct structural conformations are produced in each simulation. Repre-
sentative configurations of key structural types are presented in Figures 2 and 3. Example
configurations for Two-Strand, Three-Strand, Four-Strand, and Five-Strand hairpin struc-
tures are shown in Figure 2, with one representative structure from the w = 1.0 simulation
and one from the w = 0.5 simulation placed side by side for comparison. Figure 3 includes
Six-Strand structures and Ring structures from the w = 1.0 simulation. Ring structures
were not observed for w = 0.5, as discussed previously.

TwoStrand
TwoStrand TwoStrand

w=05
BendingStrength = 15
EndToEndLength = 2.06
StdDevAngles = 0.36
Contacts = 3.58
Energy =20.5

w=1,

BendingStrength = 16
EndToEndLength = 1.23
StdDevAngles =0.17
Contacts = 3.2

Energy =11

ThreeStrand
ThreeStrand ThreeStrand
w=10 w=05
BendingStrength = 14 BendingStrength = 16
EndToEndlength = 11.1 = EndToEndlength = 11.8
StdDevANngles = 0.307 StdDevAngles = 0.493
Contacts = 5.47 Contacts = 545
Energy =-8.69 Energy =-7.85

Four?trcnd Fourgtrond

= w = 0.
BendingStrength = 11
EndToEndLength = 1.6
StdDevAngles = 0.576
Contacts = 6.95
Energy =-31

w= 1.

BendingStrength =9
EndToEndLength = 1.14
StdDevAngles = 0.376,
Contacts =7.17
Energy = -25.5

FiveS]frand Five%frand

w=0.

BendingStrength = 8
EndToEndLength = 6.62
StdDevAngles = 0.641
Contacts = 8.1
Energy =-27

w=1
BendingStrength = 8

EndToEndLength = 6.7
StdDevAngles = 0.356
Contacts = 8.7
Energy =-35

Figure 2. Representative structures for Two-Strand, Three-Strand, Four-Strand, and Five-Strand
hairpin structures are shown. For each structure type, examples from both the w = 1.0 and w = 0.5
simulations are displayed. Within each panel, Sy, L., C, and E are indicated. While these examples
illustrate general structural characteristics, the structural variability within each type is broader than
what is captured in this graphic. Rectangles labeling structural representations are colored according
to structure typs, consistent with the point-color scheme in Figures 5-7. Monomers within each
polymer structure are colored according to a gradient solely to visually distinguish overlapping
strands. Colors do not indicate any additional quantitative property.

Structural variability extends beyond what is depicted in these figures. Example
structures were selected to be as close as possible to the center of their respective structural
clusters, based on 0y, C, Lese, and E.

107



Polymers 2025, 17, 906

SixStrand

w=1.0 Rop?omCoi\
BendingStrength = 8 BendingStrength = 14
EndToEndLength = 0.955 SbovAnGes b8
StdDevAngles = 0.37 Contacts = 1.73

Contacts=9.9 Energy = 508

Energy =-45.1

Ring Ring Ring

w=1.0 w=1.0 w=10
BendingStrength = 16 BendingStrength = 17 BendingStrength = 12
EndToEndlLength = 9.74 EndToEndLength = 4.97, EndToEndLength = 4.9
StdDevAngles = 0.127 StdDevAngles = 0.14 StdDevAngles = 0.162,
Contacts = 3.3 Contacts = 5,17 Contacts = 6.2

Energy = 6.63 Energy =-7.08 Energy =-16.5

Figure 3. A representative Six-Strand hairpin structure from the w = 1.0 simulation is shown. No
Six-Strand structures were produced in the w = 0.5 simulations. A representative Random Coil
structure from the w = 1.0 simulation is shown. Without systematic variation with w, we did not
feel it necessary to include a w = 0.5 example. Ring structures from each of the distinct Ring clusters
identified in Figure 5b are displayed in the second row. Within each panel, the bending strength,
End-to-End Length, Average Number of Contacts, and energy are indicated. While these examples
illustrate the general structural characteristics, the structural variability within each type extends
beyond what is captured in this figure. Rectangles labeling structural representations are colored
according to structure types, consistent with the point-color scheme in Figures 5-7. Monomers within
each polymer structure are colored according to a gradient solely to visually distinguish overlapping
strands. Colors do not indicate any additional quantitative property.

The top row of Figure 2 presents two representative Two-Strand structures. The first
example is from the w = 1.0 simulation, and the second is from the w = 0.5 simulation.
The w = 1.0 example structure features a broad, arcing joint that minimizes individual
bending angle deviations from 0 degrees. The vertical extension of the Two-Strand structure
cluster in Figure 5b reflects variability in joint types, ranging from the broad arcing joint
shown here to a narrower joint more closely resembling the w = 0.5 example structure.
This variation results from a trade-off between maximizing the number of contacts and
minimizing the total bending energy penalty. In contrast, all Two-Strand structures in the
w = 0.5 simulation exhibit narrow joints, where a single bending angle bears most of the
bending penalty, allowing other angles to remain near 0 degrees.

Hairpin structures with more strands exhibit similar features to the Two-Strand case.
As in the Two-Strand structures, joints in the w = 1.0 simulations range from broad,
arcing forms to narrow configurations, while the w = 0.5 simulations exclusively produce
structures with narrow joints. This variability in joint type is reflected in the vertical
extension of clusters within Figure 5b, highlighting a continuum of bending energy trade-
offs similar to those observed in the Two-Strand case.

One representative Six-Strand structure is shown in the top row of Figure 3. This
structure was generated within the w = 1.0 simulation, and no such structures were
observed in the w = 0.5 simulation. Multiple clusters of Ring structures were produced
in the w = 1.0 simulation. A single representative structure is selected from the center of
each cluster in Figure 5b. As the number of wraps in a Ring structure increases, so does
the number of contacts, with successive clusters in Figure 5b representing increasingly
wrapped conformations along the horizontal axis.
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3.2. Microcanonical Analysis

To identify structural transitions from the simulation results, we locate inflection
points in the microcanonical entropy and its derivatives. The microcanonical entropy,
defined as S(E) = kglog(g(E)), is calculated by reweighting the histograms produced
by individual simulation threads. Each simulation thread i, operating at temperature T,
generates a histogram /1;(E), which estimates the density of states as g;(E) = h;(E)ePE. The
statistical accuracy of this estimate at a given energy value E depends on the number of
histogram counts in that energy bin, with more counts leading to improved reliability.

If histograms from threads at different temperatures overlap sufficiently in terms of
energy space, they can be weighted to produce a density of states, g(E), across the full range
of E [33]. To achieve this, we initialize the partition function with Z = 1 at all temperatures.
An estimate of ¢(E) is then computed using Equation (8), where M; represents the total
number of energy samples (histogram counts) from thread i. This estimate normalizes
the histogram data across threads, enabling an approximate and consistent density of
the states. The partition function estimate is then iteratively refined using Equation (9)
until convergence.

h:(E
§6) = i ®
Zi =Y §(E)e PE. )
E

From the density of states, the microcanonical entropy can be calculated. Bezier smoothing
is applied to reduce statistical noise in S and improve numerical stability when computing
its derivatives while preserving underlying trends [34]. The derivatives of S(E), denoted as
B(E) = dS/dE, y(E) = d?S/dE? and §(E) = d°S/dE3, are used to analyze structural transitions.

An n'h-order structural transition in a finite system appears as a region of reduced
variation in the (1 — 1)* derivative of the microcanonical entropy, leading to a zero crossing
in the (1 + 1) derivative of the entropy. These zero crossings correspond to an inflection
point that is two orders lower, which serves as an indicator of a structural transition [35].

Figure 4 provides example plots of the entropy and its first four derivatives for a
bending strength of Sy = 10. Most of the structural transitions identified using this method
align well with the qualitative changes in structure type, as described in Section 3.3.

In the w = 0.5 case, four distinct structural transitions of orders 1-3 are identified. A
first-order structural transition occurs at approximately E = 30, indicated by an inflection
point in the entropy curve, a peak in the first derivative, and a zero crossing in the second
derivative. Three third-order structural transitions appear as regions of reduced variation
in the second derivative, dips in the third derivative, and zero crossings in the fourth
derivative, occurring at approximately E = —19, 9, and 23. While further derivatives could
be used to identify fourth-order transitions, distinguishing qualitatively distinct structures
at such higher orders would require additional structural analysis.

For the w = 1.0, five structural transitions of orders 1-3 are identified. A first-order
structural transition occurs at E = 12, marked by an inflection point in the entropy curve,
a slight peak in the first derivative, and a zero crossing in the second derivative. Three
second-order structural transitions, indicated by regions of reduced variation in the first
derivative and zero crossings in the third derivative, occur at E = —33, —21, and 29. A
single third-order transition is observed at E = 0, characterized by a region of reduced
variation in the second derivative and a zero crossing in the fourth derivative.
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Figure 4. Example plots of the first four derivatives of S for bending strength of Sy = 10. The left
column corresponds to w = 0.5, and the right w = 1.0. Zero lines are shown in orange, and vertical
red lines indicate zero crossings in the derivatives that correspond to structural transitions. Vertical
black lines mark the transition energies, aligning these crossings across all derivative orders.

3.3. Structural Classification and Diagram Comparison

Structures are classified by analyzing the clustering of example structures across an ar-
ray of carefully chosen structural parameters. The primary parameters used to distinguish
structures are the standard deviation of bending angles () and the per-monomer number
of contacts (C). Scatter plots illustrating the structures produced in selected simulation runs
are presented in Figure 5. Each panel represents a sampling of structures from every thread
of a single two-dimensional parallel tempering simulation. Structure clusters are identi-
fiable through visual inspection. Three-dimensional models of representative structures
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within each cluster are examined, and all structures are labeled according to their respective
clusters. While some clusters overlap in the two-dimensional representations shown here,
they can be distinguished by considering their positions in additional structural parame-
ters, such as energy (E) and end-to-end length (L,.). This multi-parameter classification
helps ensure that structural distinctions are robust. Three-dimensional representations of
example structures from each cluster are presented in Section 3.1.

w=0.5 w=1.0
(a) (b)
0.6 1 ; :
0.5
0.4 1
S
0.3 1
RC

0.2 o4k 2 St

- 3 St
0.1 w 4 St

g 5 St

2 4 6 8 10 2 4 6 8 10
(e c

Figure 5. Structural classification based on clustering within the ¢y-C structural parameter space is
illustrated, alongside the structure representation across temperature and energy, for polymers of
length 40 and w = 1.0. (a,b) display scatter plots of structural clusters for w = 0.5 and w = 1.0, re-
spectively. The color key for structure types used throughout this paper is shown in these two panels.

Once the structures are classified according to their clustering within structural param-
eter space, they are plotted as a function of Sy and T. Figure 6 illustrates this representation.
To mitigate overlapping points, we apply Gaussian-distributed jitter, which spreads the
points and provides a clearer depiction of each structure type’s distribution. This approach
effectively creates a canonical structural transition diagram. Similarly, a microcanonical
representation is generated, as shown in Figure 7, by plotting structures according to Sy
and E. Microcanonical structural transitions are also included in this representation.

Se w=0.5 w=1.0
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Figure 6. Structural transition diagram showing structure distribution across bending strength
(Sg) and temperature (T). Colors representing each structure type are the same as in Figure 5.
(a,b) correspond to w = 0.5 and w = 1.0, respectively.
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Figure 7. Microcanonical structural transition diagram, plotting structures as a function of bending
strength (Sg) and energy (E), Transition points are marked by circles for first-order transitions, squares
for second-order transitions, and triangles for third-order transitions. The colors representing each
structure type are the same as in Figure 5.

3.3.1. w = 1.0 Simulation

In the w = 1.0 simulation, eight distinct structure types are represented. Random Coil
(RC) structures are flexible, single-strand linear polymers that do not exhibit a persistent
structural organization. Hairpin structures, characterized by multiple relatively straight
strands connected by bends or joints, are labeled Two-Strand through Six-Strand (2 St — 6 St).
The bends connecting the strands can vary in sharpness, influencing overall polymer shape.
Ring structures, where the polymer wraps around itself with overlapping ends, are divided

112



Polymers 2025, 17, 906

into several distinct clusters based on the degree of overlap. For the purposes of this
paper, we do not distinguish between rings with differing degrees of overlap. Finally,
Globules (Glob) exhibit a dense, disordered arrangement with significant contacts between
non-neighboring monomers but lack a persistent secondary structure or long-range order.

In both the canonical and microcanonical representations, significant structural coexis-
tence can be observed. This occurs among various Hairpin structures, where the probability
of one structure type gradually decreases as another becomes more dominant. Ring struc-
tures are present across a broad range of structural space but typically appear as a minority
within most structural regimes.

First-, second-, and third-order structural transitions from the microcanonical analysis
are identified for the w = 1.0 simulations. Strong first-order transitions, characterized
by sharp entropy changes, are consistently observed between the Random Coil state and
the Two-Strand state, as well as between the Two-Strand and Three-Strand states. For
some Sy values, particularly at weaker bending strengths, these transitions are classified
as second-order instead of first-order. A consistently second-order transition is observed
between the Three-Strand and Four-Strand states, as well as between the Five-Strand and
Six-Strand states. A mixture of second- and third-order transitions occurs between the
Four-Strand and Five-Strand states. Ata Sg = 8, Four-Strand structures are not sufficiently
dominant, and no clear transition to Five-Strand structures is observed.

Additionally, third-order structural transitions are identified in several regions. One
occurs between the region dominated by Two-Strand structures and the low-energy, high-
bending-strength region where Ring structures dominate. Another consistent third-order
transition is found on the high-energy side of the Three-Strand structural state, though no
clear structural change has been identified at this transition, suggesting the need for further
analysis. Finally, in the low-energy, high-bending-strength region of the Three-Strand
structural state, a third-order transition to Ring structures is observed.

3.3.2. w = 0.5 Simulation

The structure types observed in the w = 0.5 results are largely similar to those in the
w = 1.0 simulation, with the notable exception that Ring structures are entirely absent,
as the narrowed bending potential suppresses their formation. In Figure 5, more distinct
clustering of structure types is observed, with tighter clusters and fewer ambiguous struc-
tures bridging distinct structural states. Additionally, there is significantly more structural
separation within both the canonical and microcanonical representations. Structural coexis-
tence between various Hairpin structures is reduced and Ring structures do not appear in
this regime.

Two-Strand structures dominate a significantly smaller region of the T vs. Sy structural
space compared to the w = 1.0 simulation. Extending the w = 0.5 simulation to higher
bending strengths may further expand the structural space where Two-Strand structures
are dominant, warranting further investigation.

Due to the additional structural stability provided by the narrowed bending restraint
in the w = 0.5 case, Four-Strand structures occupy a significantly larger region of structural
space compared to the w = 1.0 case. This expansion entirely displaces the Five-Strand
and Six-Strand structures from dominating any region of structural space for w = 0.5.
In contrast, for w = 1.0, there is a low-temperature, low-bending-strength region where
Five-Strand structures dominate. In the w = 0.5 simulation, Five-Strand structures were
extremely rare and did not form a dominant structural region. However, with an expanded
simulation space that includes lower bending strengths and temperatures, it is possible
that a distinct Five-Strand structural region could develop.
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Similar to the w = 1.0 case, we observe a consistent first-order transition between the
Random Coil structural region and the Two-Strand structural region, extending even to
areas where Two-Strand structures are not dominant. The transition between the dominant
Two-Strand and Three-Strand structural regions is second-order. As bending strength
decreases, this transition shifts to third-order. We again observe a third-order transition
within the middle of the Three-Strand structural region, though no apparent structural
change is detected at this transition, suggesting the need for further analysis. Between
Three-Strand and Four-Strand structures, we see either second- or third-order transitions,
depending on bending strength. While we can observe a sparse representation of Five-
Strand structures, we have not explored sufficiently low bending strengths to identify a
region where Five-Strand structures dominate.

3.3.3. Intermediate Values of w

Microcanonical structural space plots for intermediate values of w are shown in
Figure 7. As w increases, the Three-Strand structural region progressively shrinks, leading
to a broader distribution of structures across both high and low bending-strength values. At
high bending strengths, the Two-Strand structural region expands, while at lower bending
strengths, Five-Strand and Six-Strand structures become more prominent.

With increasing w, there is also a progressive increase in structural coexistence. This is
evident both between neighboring structural regions and in the increased presence of Ring
structures across multiple structural regions, particularly in the w = 0.875 and w = 1.0 cases.
This increase in structural coexistence corresponds to the decreased structural stability
for all low-temperature structures under the conditions of a wider bending restraint. The
broader distribution of structures underscores the role of w in modulating structural
diversity and stability across temperature and energy spaces.

4. Discussion

This study demonstrates the diverse array of semiflexible polymer behaviors that
emerge from introducing an angular width parameter (w) into the bending potential. We
find that this parameter strongly influences the range of structural states observed, the
degree of structural coexistence, and the structural variability of semiflexible polymers.
Through a combination of canonical and microcanonical analyses, we identified a range of
structural states, including Two-Strand, Ring, and Globule structures, and their dependence
on bending strength and temperature. Narrowing the bending potential (w = 0.5) increases
structural stability while reducing structural coexistence and variability. The increased
structural stability leads to the Four-Strand structural state dominating over other structure
types, such as the Five-Strand, Six-Strand, and Ring structures observed in the w = 1.0
simulation. Additionally, the expansion of the Three-Strand structural state significantly
reduces the structural space representation of Two-Strand structures.

The first four derivatives of the microcanonical entropy reveal clear markers of first-,
second-, and third-order structural transitions, offering deeper insight into the thermody-
namic properties of these systems. These findings have important implications for under-
standing the self-assembly and structural behavior of polymers under physical constraints,
with potential applications in nanomedicine, materials science, and soft matter physics.

Future work could explore several promising avenues to extend and deepen the cur-
rent analysis. First, simulations could cover a broader range of bending strengths, to more
clearly capture multistrand bundle formation, especially in cases of narrower bending
potentials. Additionally, extending the simulations over a wider temperature range would
enable the clearer identification of structural transitions and their thermodynamic charac-
teristics. Exploring smaller values for the angular width parameter could provide valuable
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insights as the bending potential approaches the fully flexible (freely jointed) polymer limit.
Furthermore, performing canonical analyses to investigate structural transitions based
on temperature-dependent properties, such as the specific heat, would complement the
microcanonical findings presented here. Finally, comparing our coarse-grained results to
more applied polymer systems could strengthen the relevance of this new potential for
practical polymer modeling.
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Abstract: The paper offers an in-depth deformation study of glass fiber-reinforced and
carbon composite filaments of 3D printers. During the certification, the authors used
DIC (Digital Image Correlation) as a full-field strain measurement technique to explore
key material traits as a non-contact optical measurement method. The insights captured
through the DIC technology enabled to better understand the localized strain distributions
during the loading of these reinforced filaments. The paper analyzes the glass fiber and
carbon fiber filaments used in 3D printing that are reinforced with these materials and
are subjected to bending and compressive loading. The segment presents how loading
affects the performance of reinforced filaments when varying such factors as the deposition
patterns, layer orientation, and other process parameters. Different types and combinations
of reinforcements and printing variables were tested, and the resulting dependencies of
mechanical parameters and failure modes were established for each case. Key conclusions
demonstrate that the mechanical behavior of both carbon- and glass fiber-reinforced fila-
ments is strongly affected by the 3D printing parameters, particularly infill density, pattern,
and build orientation. The application of Digital Image Correlation (DIC) allowed for a
precise, full-field analysis of strain distribution and deformation behavior, offering new
insights into the structural performance of fiber-reinforced 3D printed composites. The
findings from the study provide guidance for the proper choice of filling material and the
optimal parameters for the 3D printing process of models with high-performance indexes
and seamless applications in the automotive and industrial manufacturing sectors.

Keywords: carbon composite; glass fiber-reinforced; deformation analysis; material properties;
DIC; 3D printing; mechanical testing

1. Introduction

The rapid development of 3D printing has enabled the more efficient production of parts
with more complex geometries, which can be used in various industrial applications [1,2].
FDM (Fused Deposition Modeling) technology is one of the most widely used 3D printing
processes, which builds objects from thermoplastic polymer filaments such as PLA and
PETG in layers [1-3]. Fiber-strengthened composites such as carbon and glass fibers are
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often used to optimize mechanical properties and improve printed structures’ strength,
stiffness, and coefficient of thermal expansion [4].

As reviewed by Kohutiar et al. [5], the effectiveness of these reinforcements strongly
depends on the manufacturing technology used. Layer orientation, print parameters, and
the type of polymer matrix significantly influence the mechanical performance of the final
composite [5].

The increasing demand for lightweight and high-performance materials has led to the
widespread application of fiber-reinforced composites, where both natural and synthetic
fibers—such as glass and carbon—play a crucial role in improving mechanical behavior
under complex loading conditions [6]. Previous studies have shown that glass fiber com-
posites exhibit excellent mechanical properties, particularly in terms of fatigue resistance
and impact strength [7].

In materials science, the study of the mechanical behavior of materials and the effects
of different loads is widely used, with particular emphasis on exploring the relationships
between mechanical and geometrical compositional properties [8,9].

The importance of understanding the interplay between microstructure and mechani-
cal performance in composite systems has been highlighted even in food-grade materials,
such as restructured pimiento alginate—guar gels, where internal structuring significantly
influenced texture and mechanical integrity [10].

Digital Image Correlation (DIC) is an effective solution for accurately assessing the
mechanical performance of objects and can be used in a wide range of applications, whether
in engineering, materials science, or electronics [11,12]. It provides a non-contact measure-
ment procedure that allows a detailed analysis of the deformation and stress distribution of
materials, giving a more accurate picture of the behavior of the structures under test [12,13].

Increasing industrial competitiveness, raw material efficiency, sustainability consider-
ations, and the potential to develop complex products have made additive manufacturing
(AM) technologies even more promising in recent years [1,2]. Additive manufacturing
is a technology in which materials are built up layer by layer, allowing objects to be cre-
ated from 3D model data [1,2]. This process is particularly advantageous for complex
geometric shapes, although its drawbacks include limited surface quality and geometric
accuracy [1,2].

3D printing is one part of additive manufacturing. There are many different 3D
printing methods, the most common of which include Stereolithography (SLA), Selective
Laser Sintering (SLS), Lamination Object Manufacturing (LOM), and Fused Deposition
Modeling (FDM) [1,2].

FDM (Fused Deposition Modeling) is the most widely known 3D printing technology
for industrial applications, mainly due to the low cost of printers and the wide range of
fiber materials available at affordable prices. FDM 3D printers are often used in various
industries such as automotive, aerospace, construction, and medical, especially in the
field of rapid prototyping [1-3]. The printing material is a thermoplastic polymer, such as
polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), or polyamide (PA) filament [1-3].

The use of ABS filament, one of the most common materials in the world of 3D printing,
is declining due to its disadvantages in printability.

The 8th PLA World Congress was held in Munich in 2024, during which it was said
that PLA is a very advanced material, but it has functional and mechanical limitations.
For this reason, the aim is to design and develop special PLA composites with increased
heat resistance, printability, tensile strength, and impact strength compared to basic PLA
materials with pseudo reinforcement [14].
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The increase in the popularity of PLA is also reflected in the growing number of
PLA 3D printing-related papers in research databases (ScienceDirect and Scopus), which
overtake ABS, as illustrated in Figure 1.
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Figure 1. Number of search results for PLA and ABS 3D printing on ScienceDirect and
Scopus databases.

From this point of view, it was considered important to investigate these dynamically
evolving base materials, e.g., composite or carbon fiber-reinforced PLA matrix materials, to
see what properties can be achieved with different reinforcements.

Conventional PETG was considered important to include in the materials to be tested
because of its good impact resistance and toughness, which are superior to basic PLA, and
its printability properties are better than ABS.

Due to the microstructural anisotropy and the layer-by-layer architecture of FDM
technology, the resulting parts’ mechanical performance and manufacturing quality are
generally inferior to those made using conventional manufacturing processes [15]. During
FDM printing, the individual layers do not always adhere perfectly to each other, which
can affect the strength and structural integrity of the final product, especially in the bonding
planes between the layers [15].

Bembenek et al.’s [16] research shows that the printing angle directly affects Young’s
modulus [16]. The results suggest that the printing direction plays a significant role in
the final mechanical properties, and selecting the adequate angle can be a key factor in
achieving the mechanical performance appropriate for the application [16].

However, pure polymers are unsuitable for printing structures where the printed object
must have electrical conductivity or significant mechanical properties [1,4]. The solution is
to add different reinforcements and fillers to the polymer matrixes, thereby increasing their
structural stability and adding functional properties to the reinforcements [1,4].

Carbon, glass, and aradmite fibers are the most commonly used reinforcing fibers.
These fibers can be continuous or discontinuous. Tests show that composites reinforced
with continuous fibers have better mechanical properties than those reinforced with short
fibers [4].

In addition to glass and carbon fibers, nanocellulose, as a natural reinforcing material,
also presents a promising opportunity to enhance the mechanical properties of 3D printed
composites [17].

The fiber-reinforced polymer filaments used for FDM 3D printing can be either short
fiber-reinforced thermoplastic (SFRT) composites or continuous fiber-reinforced thermo-
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plastic (CFRT) composites. In the case of continuous fiber embedding, embedding can
occur before the printing process or directly in the print head [2].

For example, acrylonitrile butadiene styrene polymer (ABS) or polylactic acid (PLA)
can be the basis for the matrix of FDM-printed continuous fiber composites (CF com-
posites) [18]. Carbon fiber reinforcement is often used in PLA matrix, which increases
mechanical strength by enabling excellent mechanical performance, and is lightweight
and can be used in aerospace applications, including aircraft, spacecraft, and various
engineering applications [1,3,4].

The application of composite materials in additive manufacturing is gaining increasing
attention in both biomedical and industrial applications, as they optimize mechanical
properties and provide a sustainable alternative to traditional polymers [19].

The results of Magsood et al. [4] showed that the average flexural stress value of
continuous carbon fiber-reinforced PLA (PLA-CCF) specimens is 103% higher than that of
PLA specimens, whereas the average flexural stress value of short carbon fiber-reinforced
PLA (PLA-SCF) specimens is 91.6% of that of PLA. In addition, it was found that PLA-CCF
has the highest flexural modulus, but the flexural modulus of PLA-SCF also exceeds that of
PLA [4].

In the research by Heidari-Rarani et al. [2], an experiment was conducted on a self-
made continuous fiber-reinforced PLA composite, and the results showed that its maximum
flexural strength increased by 109% and its flexural modulus by 367.6% compared to pure
PLA [2].

Durga Prasada Rao et al. [20] used short carbon fiber-reinforced PLA filament for
FDM 3D printing. By investigating two filling patterns, cubic and quarter cubic, the results
showed that specimens fabricated with cubic patterns have high tensile strength values [20].

Based on the research of Giani et al. [18], it is known that polymer matrixes reinforced
with carbon fiber reduce the coefficient of thermal expansion of the material and increase its
thermal conductivity [18]. This results in printed objects with less warping and increased
dimensional accuracy [18]. In addition, it has been found that PLA material with 10 wt%
recycled carbon fiber, when 3D printed at 0° to the applied stress orientation, will exhibit
approximately twice the elastic modulus and maximum fe-stress compared to the 90°
orientation [18].

In addition to carbon fiber, glass fiber is a fiber reinforcement that can be used to
increase the strength of PLA [21].

Glass fiber reinforcements dominate the composites industry, accounting for up to a
significant percentage of all fiber reinforcements worldwide [21]. The thin surface coating
applied during fiberglass production, known as sizing, significantly affects composite
materials” mechanical properties, durability, and manufacturability, reducing fiber break-
age [21]. Film-forming materials such as polyvinyl acetates, polyurethanes, and epoxy
resins provide protection and facilitate processing, while coupling agents such as APTES,
GPTMS, and MPTMS improve fiber-matrix adhesion [21].

Wang et al. [22] investigated the extent to which glass fiber reinforcement can improve
the inherently limited mechanical performance of PLA using silane-modified glass fibers
(m-GF) blended with PLA at different wt% (5, 10, 15, and 20 wt%) [22]. It has been shown
that with the addition of glass fiber, the tensile strength and stiffness increased almost
linearly with increasing glass fiber content, and when 20 wt% GF was used, these values
increased almost twofold compared to pure PLA [22]. The impact strength showed an
even more visible increase: compared to 30.9 J/m for the base PLA, the impact resistance
increased to 102.8 J/m for the composite containing 20 wt% GF, an improvement of more
than three times [22]. In addition, the glass fibers were shown to limit thermal deformation
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but did not in themselves increase the thermal stability of PLA, yet positively affected its
processability and foamability [22].

Begum et al. [23] investigated GF/PLA filaments printed in 0°, 45°, and 90° orien-
tations at 40%, 50%, and 60% fill densities [23]. In the flexural test, the specimen with
60% fill density and 90° orientation showed the highest strength, which was 25 MPa, 60%
higher than the specimen with 0° orientation [23]. At 90° orientation, the material can
resist bending forces more effectively, distributing stress and improving the adhesion and
structural integrity of the layer [23]. The material’s microstructure at 90° orientation allows
for better deformation and energy dissipation under impact [23].

Liu et al. [24] investigated the mechanical properties of wood-, ceramic-, copper-
, and carbon fiber PLA-based composites [24]. By FDM printing the specimens with
different orientations and screen angles, they found that the specimens with edge-matched
+45° / —45° screen angles exhibited the highest mechanical strength [24]. Due to the weak
bonding between the layers, the vertically printed composite test specimens showed the
weakest mechanical strength and modulus [24].

Comparing different fiber reinforcements, wood and carbon fiber-reinforced objects
showed the lowest mechanical properties [24].

Ismail et al. [25] prepared composites using several methods. The methods involved
the integration of composite fibers into thermoplastic matrixes; the methods differed in the
techniques of integrating the fibers into the matrix (before printing, during extrusion, and
during the printing process) [25]. Subsequently, different polylactic acid (PLA) and three
different glass fiber-reinforced polylactic acid (GFPLA) composites were 3D printed with
1.02%, 2.39%, and 4.98% glass fiber content, respectively, and subjected to tensile tests [25].
The tensile strength of the composites increased from GFPLA-1 (1.02% glass fiber content)
to GFPLA-2.4 (2.39% glass fiber content) but decreased dramatically at GFPLA-5 (4.98%
glass fiber content), although it was still higher than that of pure PLA [25]. Finally, SEM
studies showed that the porosity area decreased with increasing glass fiber content [25].

Research has shown that these properties improve proportionally with increasing fiber
content, although fragility may also increase in individual cases, so it is important to find
the optimum ratio [25].

The literature shows that adding carbon and glass fiber in the additive manufacturing
of thermoplastics improves the mechanical properties of the product [26].

Goh et al. [27] tested objects made of carbon- and glass fiber-reinforced thermoplastic
materials. From the results of the indentation test, it is concluded that glass fiber has a
higher indentation resistance than carbon fiber [27]. It was also found that the typical
fracture mode of additively manufactured carbon and glass fiber specimens is similar [27].

Alongside PLA, PETG is one of the materials most commonly used in 3D printing [28].

According to research by Mehtedi et al. [29], PETG is more flexible, tougher, less prone
to fracture, and more resistant to external stresses compared to PLA [29].

The results of Martins et al. [30] also confirmed that PETG is a flexible material with
high elongation and higher deformation capacity compared to PLA, which is more rigid
and resistant to tensile forces. It can break more easily due to its rigidity [30].

Bembenek et al. [16] investigated FDM specimens, focusing on the infill pattern, and
found that cubic infill for PLA and lines for PETG gave the best UTS (ultimate tensile
strength) and STS (specific tensile strength) results [16].

Kadhum et al. [31] investigated the effect of 14 different filling patterns on the mechan-
ical properties of 3D printed PLA and PETG objects with the same filling percentage [31].
Both materials” highest tensile strength values occurred for gyroid and concentric designs.
PETG showed higher strength when comparing the two polymers [31].
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Srinivasan et al. [32] investigated the effect of filling patterns on the tensile strength
of parts fabricated by FDM printing with PETG filament. The results showed that the
grid infill pattern resulted in the highest tensile strength (36.34 MPa) compared to the
other patterns [32]. The lowest tensile strength values (13.54 MPa) were obtained for the
concentric infill specimen [32].

For 3D printing, the appropriate choice of filling pattern can optimize the object’s size
and influence its strength, elasticity, and mechanical properties [33].

Guessasma et al. [33] developed a blood-element framework to investigate the effect
of filling patterns and density and showed that honeycomb samples were the best choice
for compression performance. It was shown that for the same fill ratio, among the gyroid,
zigzag, and cross patterns, the gyroid pattern is the best option for improving mechanical
strength, while the zigzag and cross are more suitable for promoting higher stretch—strain
deformation, especially at low fill ratios [33].

Magsood et al. [34] fabricated continuous carbon fiber-reinforced specimens with PLA
matrix material using FDM 3D printing technology with grid and triangular infill patterns at
20%, 40%, and 60% infill densities. The grid specimen showed better mechanical properties
than the triangular specimen. Based on the micrographs of the fractured composite,
spallation was found to be the main cause of the failure [34].

The DIC system can be easily applied to various deformation tests, providing a
versatile and reliable measurement technique for industrial and academic research [12].

In order to obtain a more accurate picture of material deformation during the Erichsen
test (ECT, i.e., Erichsen Cupping Test), 3D Digital Image Correlation (DIC) can be used,
which provides extensive information on stress and displacement distributions and fracture
mechanisms and can calculate the mechanical properties of different materials [12].

The DIC technique is an efficient, non-contact, and highly accurate measurement
method for Erichsen tests [12]. Research has shown that the DIC technique can be used to
record stress distributions over the entire tested surface and identify localized thinning and
material defects [12]. Compared to traditional single-point methods, this technique pro-
vides a more comprehensive picture of the material’s ductility [12]. The integration of DIC
into ECT significantly improves the evaluation of deformation and fracture characteristics
of metal plates [12].

The challenge of DIC, for example, in larger structures, is to optimize camera place-
ment and dissection [35]. In addition, optical noise, lighting conditions, and camera stabi-
lization can significantly impact the accuracy of measurements [35]. Damage or movement
of speckle patterns can affect measurement accuracy, especially in fracture experiments [35].

It provides full area coverage measurements, which is a significant advantage over
conventional sensors [35]. DIC can be used in concrete, steel, and composite structures,
for example, to analyze the mechanical properties of complex structural elements such as
composite materials [35].

Guo et al. [36] applied Digital Image Correlation (DIC) technology in tension—tension
fatigue tests of carbon/glass fiber hybrid rods, using the method to map damage propaga-
tion, stress concentrations, and stiffness degradation. Their results confirm that DIC is an
effective tool for tracking the deformation behavior of hybrid composites [36].

The executed literature review can be summarized below.

e Additive manufacturing is a technology that builds materials layer by layer from 3D
model data, allowing complex objects to be created [1,2].

e Additive manufacturing is particularly advantageous for performing complex geo-
metric shapes, although disadvantages include limited surface quality and geometric
accuracy [1,2].
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e Increasing industrial competitiveness, raw material efficiency, and sustainability are
driving the growing importance of additive manufacturing technologies [1,2].

e 3D printing is one of the best-known forms of additive manufacturing, and it includes
many processes such as SLA, SLS, LOM, and FDM [1,2].

e Inindustrial applications, FDM technology is the most common due to the low cost of
printers and the wide availability of raw materials [1-3].

e FDM printers are used in various industries, such as automotive, aerospace, and
medical, mainly for rapid prototyping [1-3].

e  During FDM printing, the individual layers do not always adhere perfectly to each
other, which can affect the mechanical properties of the final product [15].

e  Research by Bembenek et al. [16] has shown that the printing angle directly influences
Young’s modulus, so choosing the appropriate printing direction is key to optimizing
mechanical performance [16].

e  Pure polymers’ mechanical and electrical properties are not always satisfactory, so
various reinforcements such as carbon, glass, and aramid fibers can be used to increase
their strength and functional properties [1,4].

e  Research shows that continuous fiber-reinforced composites have better mechanical
properties than their short fiber-reinforced counterparts [4].

e  Carbon fiber reinforcement in PLA matrix increases the strength of the material and
reduces its thermal expansion coefficient, making it suitable for aerospace and engi-
neering applications [1,3,4,18].

e  Glass fiber reinforcement dominates the composites industry worldwide, improving
mechanical strength and durability and reducing brittleness [21].

e  Research by Wang et al. [22] has shown that fiberglass reinforcement increases tensile
strength and impact resistance and limits thermal deformation [22].

e  Studies by Begum et al. [23] have shown that the printing orientation and the filling
density significantly influence the strength of 3D printed GF/PLA composites.

e  Based on the research of Liu et al. [24] among different fiber reinforcements, samples
with a raster angle of +45°/—45° showed the best mechanical performance, while
composites printed in the vertical direction were the weakest [24].

While additive manufacturing has advanced considerably—particularly in the field of
fiber-reinforced 3D printing—significant knowledge gaps remain regarding the mechanical
behavior of these composite materials under different loading conditions. It is well estab-
lished that adding carbon and glass fibers to polymer matrices enhances properties such as
strength, stiffness, and impact resistance. However, most existing studies tend to examine
isolated factors—such as fiber orientation, infill pattern, or interlayer adhesion—without
fully considering how these parameters interact in practical, load-bearing applications.
Furthermore, although Digital Image Correlation (DIC) is a widely adopted method for
strain measurement, its potential to deliver high-resolution, full-field deformation data
in the context of fiber-reinforced 3D printed components has yet to be fully exploited.
The intrinsic anisotropy of FDM-manufactured parts, compounded by inconsistencies in
layer bonding and filament deposition, adds complexity to predicting their mechanical
performance. This study aims to address these challenges by leveraging DIC to perform
a comprehensive, full-field analysis of the deformation and failure behavior of PLA- and
PETG-based carbon- and glass fiber-reinforced 3D printing filaments.

The research systematically investigates the effects of printing parameters—including
infill pattern, density, and build orientation—under both bending and compressive loads.

Through this approach, the study seeks to identify critical structure-property relation-
ships that influence mechanical performance and to derive optimized printing strategies
for enhanced material efficiency and functional reliability. The insights gained are intended
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to inform the design and manufacturing of high-performance, lightweight components in
engineering applications where mechanical integrity and material efficiency are paramount.

The structure of the current paper is as follows. Section 2 contains the applied materials
and methods, Section 3 introduces the results and gives explanations, and Section 4 provides
the conclusions.

2. Materials and Methods

This section focuses on the materials and instruments used in the research and
describes the measurement procedures and processes. The current study is based on
three PLA-based filaments and one PETG filament from the Fillamentum, Filaticum, and
eSun manufacturers.

2.1. Filaments

The four most common filaments available to the authors of the current study were
selected for 3D printing the test specimens needed to perform the tests.

Fillamentum PLA is a conventional PLA that is easy to handle, has excellent print
quality, and has excellent adhesion. Filaticum PETG is the ideal choice when a stable
formulation and high heat resistance are required. Printed parts made from this material
have the advantage of excellent resistance to chemical attack and retain their shape at
temperatures up to 80 °C. The PLA-based filament eSUN ePLA with 15-20% glass fiber
reinforcement is an easy-to-print filament. With glass fiber reinforcement, it exceeds
conventional PLA’s mechanical strength and impact resistance. Pieces made from ePLA-GF
have high impact strength, resistance, and abrasion resistance. eSUN ePLA-CF is a high-
quality, easy-to-print PLA-based filament. Incorporating impregnated short carbon fibers
increases the strength and modulus of PLA. It offers exceptional printing performance and
high-speed printing. The main properties of all the used filaments are shown in Table 1.
Table 2 summarizes the mechanical properties of the materials.

Table 1. Properties of used filaments.

Carbon Fiber Glass Fiber

Specific Basic PLA PETG PLA PLA
Nozzle [°C] 190-210 235-250 190-230 190-230
Bed [°C] 50-60 80-95 45-60 45-60
Layer height [mm] 0.4 0.4-1.0 0.4 0.4
Max speed [mm/s] 30-70 60 50-300 40-100
Color Blue White Green Natural
Table 2. Physical and mechanical properties.
Specific Basic PLA PETG Carbon Fiber PLA Glass Fiber PLA
Density [g/cm?] 1.24 1.27 1.21 1.31
Melt Flow Index [g/10 min] 6 (210 °C/2.16kg) - 5.37 (190 °C/2.16 kg)  6.36 (190 °C/2.16 kg)
Tensile Strength [MPa] 60 50 39 59.27
Elongation at Break [%] 6 120 4.27 7.99
Flexural Strength [MPa] 83 71 103 85.01
Flexural Modulus [MPa] 3800 2150 5003 4414.89
1ZOD Impact Strength 16 [J/m] 85 [J/m] 5.08 [k]/m?] 10.16 [K] /m?]
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2.2. 3D Printers and Printing Setups

To print the test specimens, two reliable, easy-to-use, affordable and readily available
FDM 3D printers were applied, which were selected for their ability to print the selected
fiber-reinforced composites; their properties are shown in Table 3.

Table 3. Properties of used 3D printers.

Specific Bambu Lab X1 Carbon Bambu Lab A1 Mini
Manufacturer (city, country) Bambu Lab (Shenzhen, China)
Nozzle size [mm)] 0.4 0.4
Extruder system Direct drive Direct drive
Filament diam. 1.75 mm 1.75 mm
Hotend All metal All metal
Bed leveling Dual auto Automatic

For the 3D prints, the easy-to-use Bambu Studio v1.9.7.52 slicing software for the
Bambu Lab printers was used, which provides a wide range of options for adjustment. The
fill percentage, fill pattern, and construction orientation were adjusted for the research.

The density of the fill indicates the amount of material used for the fill. The fill values
for this research were set between 5% and 40% with a 5% step size. The infill pattern
represents the material’s structure within the 3D printed object, whereby the printed pieces
can have different strength, elasticity properties, and bulk properties. One of the aims of
this research is to investigate different patterns; the authors have investigated the most
popular grid, triangle, and gyroid patterns for this research (Figures 2 and 3).

Figure 2. Filling settings in Bambu Studio for specimens in laid orientation; filling patterns from top to
bottom: grid, triangle, gyroid; filling values from left to right: 5%—10%—15%-20%-25%-30%-35%—40%.

Figure 3. Filling settings in Bambu Studio for specimens with longitudinal edges; filling patterns
from left to right: grid, triangle, gyroid; filling values from bottom to top: 5%—-10%-15%-20%—-25%—
30%-35%—40%.

The test specimens were printed with two different construction orientations, laid flat
and longitudinal edge-on (Figure 4). The orientation is important because the different ply
alignments cause the forces through a ply to differ. The experimental matrix is presented
in Table 4.
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Figure 4. Demonstration of 3D printing orientations.

Table 4. Experimental matrix (1—PLA, 2—PETG, 3—Carbon Fiber PLA, 4—Glass Fiber PLA). The
symbols “+” mean that the related tests were executed during the experiments of the current research.

Infill Percentage [%] On-Edge (E)

Grid (Gr) Triangle (Tr) Gyroid (Gy)
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2.3. GOM Aramis DIC System

The measurement process was carried out using the GOM ARAMIS 5M non-contact,
photogrammetric system. The GOM ARAMIS 2018 3D measurement system is part of the
Digital Image Correlation (DIC) systems. The system allows the deformation of individual
objects to be measured during the inspection. The principle of operation of the measurement
system is based on photogrammetry. A sequence of photographs of the object, taken by
two cameras in time-lapse mode, provides information on the 3D displacement of each
point on the measured sample surface, independently of the material, by means of image
correlation using random pattern recognition. The method can be used to inspect both
small and large specimens [37—40].

The development of the approach for analyzing deformation behavior and structural
integrity was supported by previous research, which demonstrated that the internal mi-
crostructural arrangement significantly impacts the mechanical properties and strength of
materials [10].

The system uses two 12 MP cameras (GOM, Braunschweig, Germany), which enable
high-resolution measurements, allowing small and large displacements to be detected [40].

2.4. Specimen Preparation and Speckle Pattern

The ARAMIS 3D measuring system (GOM, Braunschweig, Germany) determines
the position of the points on the surface under test from a grey-scale image. Preparing
the sample surface properly and using an adequate pattern is essential to obtain accurate
measurement results. In order to achieve appropriate contrast and minimize reflections,
the surface should first be coated with white matte paint. A gradient pattern of black spots
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(Figure 5) is then applied and distributed so that the ratio of white to black areas remains
50/50. The size and distribution density of the patches will depend on the size of the area
under study. When measuring the deformation of small objects, the gradient should consist
of finer, more densely spaced patches, whereas for larger objects, it is recommended to
use sparser, larger patches. Pattern contrast, spot size, and distribution are key factors for
accurate measurement [38,40].

Figure 5. Speckle pattern on the specimen before the ECT.

The applied paint materials were Schuller Eh’klar PrismaColor Acryl RAL9016
(Schuller Eh’klar, Pécs, country: Hungary) for the white primer layer and United Sprays
Matte Black Spray (United Paints and Chemicals S.A.E., Giza, Egypt) paint for the
speckle pattern.

3. Results and Discussion

As can be seen in Table 4, 192 different combinations of tests could be performed,
maintaining a repeatability of 3 per test, which means 576 tests per test (in ECT). Any con-
clusions or analyses presented in the results section are the average of the 3 measurements
for ease of interpretation of the data.

The results are presented in two ways; the first is to conclude the conventional crack
maximum and the force data measured at that time. The data presented here are de-
rived from the hydraulic equipment’s travel and force display by the operator at the
moment of crack initiation. Of course, the resulting data are presumably more inaccurate
since they depend to a large extent on the operator’s speed, but trends can, of course,
already be observed here. In the evaluation, the force-time and displacement-time data are
mainly analyzed.

In the second case, the DIC tests were evaluated. The distance and forces are directly
linked to the ARAMIS measurement card. In this case, no reading is performed by the
operator, so this type of measurement result does not contain any reading uncertainty. The
travel-time and displacement-time data are indirectly integrated into the measurement
evaluation. In the evaluation, conclusions are drawn from these data. Thanks to the DIC
evaluation, much data is also presented, and at the end of the Results chapter, the results of
special or outlier measurements are analyzed.

3.1. Measurement Experience, Die Displacement Results

Table 5 shows the results of the tool displacement measurements. Several conclusions
can be drawn from the analysis of the data. The PETG material shows the highest values
overall, with the highest deformation measured. Additionally, in the case of PETG material,
it can be observed that orientation is important, as specimens placed edge-on gave better
results than those laid flat. This is interesting because, due to the layer order, the higher
value would have been expected in the opposite case, presumably due to the effect of the
filling. For the PLA material, the gyroid infill pattern gave the best results between 5 and
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20%. Interestingly, this value decreases with increasing pattern density, while it increases
with the other two patterns. This implies that good flexural strength results can be obtained
for PLA material with a lower filling density, even with a gyroid filling pattern.

Table 5. Result of displacement.

PLA Grid (Gr) Triangle (Tr) Gyroid (Gy) PETG Grid (Gr) Triangle (Tr) Gyroid (Gy)

% On-Edge  Flat On-Edge Flat On-Edge  Flat % On-Edge  Flat On-Edge Flat On-Edge Flat

(E) (F) (E) (F) (E) (F) (E) (F) (E) (F) (E) (B
5 27.5 27.3 26.7 28.1 30.8 30.6 5.0 40.1 279 28.2 31.2 30.0 413
10 26.8 274 26.5 28.7 35.3 30.6 10.0 40.6 41.0 415 41.0 41.2 412
15 29.3 27.3 28.3 279 35.7 29.8 15.0 373 37.6 413 413 30.4 414
20 29.0 26.8 27.3 27.8 35.8 27.7 20.0 40.1 39.8 413 39.6 413 40.5
25 27.9 27.3 27.1 27.3 29.7 27.7 25.0 40.1 37.2 413 34.7 413 40.4
30 29.2 271 27.7 274 29.0 27.3 30.0 40.2 414 41.0 373 414 33.8
35 29.5 274 27.9 274 283 27.5 35.0 40.5 41.0 41.0 40.0 413 375
40 29.7 27.5 28.3 27.5 28.5 271 40.0 40.6 40.1 36.7 36.3 41.3 37.8

GLASS Grid (Gr) Triangle (Tr) Gyroid (Gy) CARBON Grid (Gr) Triangle (Tr) Gyroid (Gy)

% On-Edge Flat On-Edge Flat On-Edge Flat % On-Edge Flat On-Edge Flat On-Edge Flat

(E) (F) (E) (F) (E) (F) (E) (F) (E) (F) (E) (F)
5 25.6 287 25.6 26.9 25.7 26.0 5.0 255 271 26.1 26.8 25.8 27.5
10 25.4 27.3 25.8 27.0 25.8 259 10.0 25.5 26.8 25.9 26.8 25.6 27.8
15 25.4 26.8 25.8 26.7 252 25.8 15.0 26.0 26.7 26.4 26.6 26.1 274
20 25.8 26.9 26.2 26.8 25.2 25.7 20.0 26.5 28.5 26.1 26.8 25.7 27.5
25 259 26.2 26.1 26.6 252 25.7 25.0 27.1 26.9 26.8 26.7 25.8 27.2
30 25.7 26.5 25.9 26.6 25.6 25.8 30.0 27.8 27.3 27.1 26.8 26.4 274
35 25.7 26.4 26.1 26.9 25.7 25.8 35.0 29.1 27.5 27.5 26.3 26.0 27.0
40 25.6 26.7 26.0 26.7 25.7 25.8 40.0 28.7 28.8 26.8 27.1 26.8 271

For the glass and carbon composites, the measurement results are stable, with no
significant differences in filling rates or patterns. It is observed that the grid and triangle
patterns showed similar performance for all materials. The effect of layout can significantly
affect the results, especially for PETG and PLA materials. For glass and carbon materials,
the values are relatively uniform and less sensitive to the fill pattern and ratio, which also
indicates that using these materials can achieve similar mechanical properties at lower fill
values, which can result in significant weight savings for a structure.

3.2. Results of DIC Measurements

The results of the DIC measurements are shown in diagram X. In such measurements,
although the sub-applicant manufacturer has long been a leading automotive and research
supplier, it is worthwhile to check, i.e., validate the results. Validation ensures that the
data, models, or systems are reliable, accurate, and a good representation of reality, thus
minimizing the risks of errors. By evaluating the displacement-time data of the Aramis
system, the maximum displacement values were compared with the values in Table 4 for
each material. It was found that the results of the Aramis system reproduce the values
measured in the conventional measurement.

From the results in Figure 6, it is clear that the displacement results are also quite
close. The results of the DIC measurements add a lot to the results of the conventional
tests. If the slopes of the curves are almost identical, the following conclusion can be drawn.
The curves’ steepness is related to the stiffness (k), which characterizes the resistance of
the material or structure to deformation. If the slope is the same, then the stiffness of the
specimens is the same, i.e., the initial resistance to bending of the materials and geometries
tested is similar. The different displacement maxima show that, despite the same stiffness,
the materials may behave differently at fracture due to internal structural differences. These
differences are reflected in differences in infill density and pattern. The conclusions that
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can be drawn here are the same as in Section 3.1. The additional information provided by
the DIC tests is that the whole forming process can be traced.

Figure 6. Different infill types in PETG specimens: (a) PETG_GrE40%, (b) PETG_GrE25%,
(c) PETG_GrE5%, (d) PETG_TrE35%.

A further advantage of the DIC test is that the individual failure states and the
deformation of the specimens can be clearly observed. More specific results are shown in
Figures 6-9.

(©) (d)

Figure 7. Different infill types in PLA specimens: (a) PLA_GrE5%, (b) PLA_GrE5% with DIC,
(c) PLA_GrF15%, (d) PLA_GyF20%.
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Figure 9. Elongation in the PETG gyroid-filled specimen (i.e., PETG_GyF35%).

In Figure 6, it can be seen that the PETG material stretches in the inter-pattern area
as a function of the fill, i.e., local stretching occurs at several points, which may also be
responsible for better results. This type of phenomenon suggests that the material has a
better load-bearing capacity in the patterns, while the material fails faster in the “empty
shell”. It can be seen that, although the PETG test specimens achieved similar elongations,
the filling density and the pattern had a significant effect on the failure state, so there is an
apparent effect on the way the material will fail.

The difference in destruction between the set and laid samples is clearly observed in
the case of PLA. The broken specimens clearly show that the set specimen only opened
along the layers, while the laid specimen is wholly broken. In Figure 7, it can be seen how
the PLA specimens broke.

The carbon-reinforced material showed higher forces but more brittle behavior, as
can be seen in Figure 8. The advantage of using this material is that similar mechanical
properties can be achieved from relatively few materials compared with other materials.

On the PETG gyroid-filled specimens, it can be seen that there is no localized elon-
gation in this pattern, but the whole specimen follows the shape change together. This
behavior is more favorable as the layers move together, making this pattern more suitable
for this type of loading. Figure 9 shows one of the PETG gyroid-filled specimens.

When examining the force data, it was observed that the values were quite noisy. This
is because the equipment used does not have a direct force measuring cell, but the force
can be measured from the hydraulic pressure. In the case of fiber-reinforced composite
specimens, it could be expected that small forces would occur due to their expected
brittleness compared to the capabilities of the equipment, which is in the lower limit range
of the hydraulic force gauge. Thus, in the evaluation, the force maxima were examined
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rather than the full curves because noise does not distort the results as much, and the
results for the maxima are shown in Figure 10.
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Figure 10. Maximum Force Values of the Specimens.

An overview of the results shows that specimens with 20-25-30% infill in most material
groups achieved higher forces. When reviewing the materials, PETG, carbon fiber, and
glass fiber with gyroid and triangle infill patterns gave the highest forces.

Among the composite materials, the laid arrangement gave better results. It is also
interesting to observe that similar force maxima can be obtained for PLA material using a
gyroid pattern. For PETG, the gyroid and triangle fill patterns gave better results in both
the stationary and laid-down cases.

The boxplot (Figure 11) shows the statistical distribution of the maximum force values
sustained by the tested materials (basic PLA, carbon fiber PLA, glass fiber PLA, and PETG).
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Figure 11. Boxplot of Maximum Force for Various Materials.

Samples made from PETG show the highest maximum force, meaning they withstand
the highest load. Basic PLA ranks second in strength, with a broader spread suggesting
more variability in performance. Carbon fiber PLA and glass fiber PLA display lower
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maximum force values. Interestingly, despite being fiber-reinforced, they do not outper-
form PETG or even basic PLA in strength. Based on the findings of this study, PETG
demonstrated the highest load-bearing capacity among the tested materials.

The boxplot (Figure 12) illustrates the statistical distribution of displacement values
for the tested materials (basic PLA, carbon fiber PLA, glass fiber PLA, and PETG). PETG
samples exhibited more significant displacement, indicating a more elastic and flexible
material. Carbon fiber PLA and glass fiber PLA showed low displacement, meaning they
are stiffer. Basic PLA falls somewhere in between—more flexible than the fiber-reinforced
variants but less flexible than PETG. In conclusion, PETG combines strength and flexibility,

whereas fiber-reinforced PLA materials exhibit greater stiffness but tend to fail under
lower loads.
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Figure 12. Boxplot of Displacement Across Different Materials.

Figure 13 illustrates a Pareto diagram with the maximum force values [MPa] for
various printing settings using basic PLA material. The PLA_GrE20%, PLA_GrE25%, and
PLA_GrE30% specimens deliver the best results. The top two account for about 75% of the
total force. The trend again shows that 20-30% infill is optimal for basic PLA.
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Figure 13. Pareto Chart—Basic PLA (orange color represents the maximum force values, hence red
color line means the cumulative percentages).
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Figure 14 presents a Pareto analysis of carbon fiber PLA printed samples, high-
lighting the ranked printing settings based on maximum force [MPa]. The chart shows
that CF_GrE20% achieved the highest maximum force, followed by CF_GrE25% and
CF_GrE30%. According to the red cumulative line, the top three specimens account for
more than 80% of the total force. This suggests that the 20-30% infill range provides
outstanding mechanical performance for this material.
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Figure 14. Pareto Chart—PLA Reinforced with Carbon Fiber (orange color represents the maximum
force values, hence red color line means the cumulative percentages).

Figure 15 is a Pareto diagram illustrating the maximum force values [MPa] for various
printing settings using PETG material. The most substantial specimen is PETG_GrE25%,
followed by PETG_GrE20% and PETG_GrE30%. These three account for about 80% of the
total force. For PETG, too, the 20-30% infill range delivers the best mechanical performance.
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Figure 15. Pareto Chart—PETG (orange color represents the maximum force values, hence red color
line means the cumulative percentages).

Figure 16 shows a Pareto analysis of glass fiber PLA printed samples, highlighting the
ranked printing settings based on maximum force [MPa]. The most substantial specimen is
GF_GrE20%, followed by GF_GrE25% and GF_GrE30%. Together, these three cover ap-
proximately 85% of the total performance. Higher infill percentages prove more beneficial,
with values above 20% being particularly effective.
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Pareto Chart - Glass Fiber PLA

- 100
0.08}
) 80
o
2006 S
g o 2
& s
3
§ 0.04 £
£ -4 O
x
©
=
0.02 N
0

0.00— 11 1i8

GF_TrF30%
GF_GyE30%

GF_TrF15% |=

Figure 16. Pareto Chart—PLA Reinforced with Glass Fiber (orange color represents the maximum
force values, hence red color line means the cumulative percentages).

Figure 17 is the time-distance diagram that visualizes the deformation behavior of the
top 20% of 3D printed PLA specimens. The purpose of the analysis is to identify which
combinations of material type, infill pattern, printing orientation, and infill percentage
performed best under load.

Time-Distance Diagram of the Top 20% PLA Force Results (Pareto Analysis)
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Figure 17. The top 20% PLA force results from Pareto analysis, shown in time-distance.

The specimen showing the highest elongation was PLA_GyE15% (35.66 mm), followed
by PLA_GyE10% (34.98 mm) and PLA_GyE5% (30.81 mm). All three had gyroid infill and
were printed in a vertical (E) orientation, indicating that this combination is particularly
favorable for ductility. Interestingly, moderate infill percentages (10-15%) resulted in
greater elongation than higher-density configurations such as PLA_GyE40%.

The diagram does not exclusively contain gyroid-patterned specimens; several trian-
gular (Tr) infill samples also made it into the top 20%, particularly among CF (carbon fiber)
and GF (glass fiber) materials. This highlights the relevance of the infill pattern, especially
when working with high-strength composite materials.

In conclusion, the combination of gyroid infill, vertical orientation, and moderate infill
density appears to be optimal for improving the deformation capability of PLA specimens.
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4. Conclusions

The test results show PETG exhibits stronger and more stable mechanical properties
than PLA, especially for grid and gyroid filling patterns, where the measured strength
values are generally higher. In the case of PLA, the gyroid pattern initially shows more
favorable results, especially at lower infill ratios, but with increasing infill ratios, the
strength values start to decrease. It is important to note that increasing the infill ratio does
not always result in an apparent increase in strength, so selecting the appropriate pattern
and infill percentage is advisable to achieve optimal mechanical properties.

The PETG material was used as a reference in the experiments, which shows good
behavior under bending stress. PLA and reinforced PLAs perform worse but are cheaper
and can be easily printed with simpler printers.

Although carbon and glass composites provide a more stable structure, their mechani-
cal properties are generally inferior to PLA and PETG. These materials are less sensitive
to fill pattern and fill ratio variations, so their strength values are more uniform under
different print settings. The tests showed that the carbon fiber and glass fiber PLA filaments
behaved similarly; however, regarding both the tolerable force and the deformation achiev-
able, the carbon fiber PLA filament performed slightly better. If bending is the expected
stress for a structure, it is preferable to use basic PLA material, which shows better results
than the fiber-reinforced filaments.

The experiments also demonstrated that the correct infill pattern and density are
needed to achieve these results. The carbon fiber PLA and glass fiber PLA filaments
show better results at grid fill patterns and lower fill densities. This may be of practical
importance when low fill densities have to be chosen (for weight optimization) and when
bending stresses are expected.

The practical significance of the results may be that the tests have shown an optimum
infill value for these materials, which is between 20 and 30%, so for load-bearing elements,
there is no reason to use higher infill. Further experiments will be conducted to optimize
the exact fill rates for materials. The results obtained from this research will be applied to
fabricating battery enclosures and other protective storage enclosures.
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List of Abbreviations

3D Three-Dimension or Three-Dimensional
AM Additive Manufacturing

CF Carbon Fiber

DIC Digital Image Correlation

ECT Erichsen Cupping Test

FDM  Fused Deposition Modeling

GF Glass Fiber

LOM  Laminated Object Manufacturing
PA Polyamide

PETG  Polyethylene Terephthalate Glycol
PLA Polylactic Acid

SLA Stereolithography

SLS Selective Laser Sintering
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Abstract: The increasing demand for fully recyclable composites has spurred extensive
research on thermoplastics, valued for their recyclability and excellent mechanical proper-
ties. High-performance thermoplastics such as PEEK and PPS have been widely adopted
in aerospace applications due to their outstanding load-bearing capabilities, which are well
documented. Recently, thermoplastic polymer blends have gained attention for their en-
hanced recyclability and sustainability, as well as their ability to improve thermal stability,
viscosity, and manufacturability. However, limited data are available on the mechanical
characterization of composites that incorporate these blends, particularly when recycled
thermoplastics are used. In this study, we first examine the stress—strain behavior of the
following three polymer blends relevant for structural applications: PES/PEEK, PPS/PEEK,
and HDPE/PP. We then perform a numerical analysis to predict the mechanical perfor-
mance of unidirectional fiber-reinforced composites using each blend as the matrix. This
involves a micromechanical Representative Volume Element (RVE) approach combined
with an advanced polymer model previously validated against experimental data. The
findings are discussed to critically assess the suitability of these blends for producing fully
matrix-recycled composites.

Keywords: recycled thermoplastics; fiber-reinforced plastics; polymer blends; mechanical
behavior; micro-mechanical modeling; stress—strain predictions

1. Introduction

The increasing demand for fully recyclable composite materials has driven significant
interest in the use of thermoplastics, which offer both recyclability and high-performance
characteristics [1,2]. In particular, high-performance thermoplastics have gained promi-
nence in the automotive and aerospace industries due to their excellent mechanical proper-
ties, chemical resistance, and thermal stability [3-5]. However, the aerospace sector, like
many others, faces growing sustainability concerns, necessitating the development of more
environmentally friendly material solutions. One emerging approach to enhance the sus-
tainability of these materials is the use of polymer blends, which can improve recyclability
while maintaining or enhancing performance [6,7]. Additionally, in the broader context of
recyclable polymers, polypropylene (PP) and polyethylene (PE) remain the most widely
used recycled commodity thermoplastics [8]. There have also been efforts to develop
natural fiber-reinforced thermoplastic composites as a sustainable alternative, combining

Polymers 2025, 17, 1168 https://doi.org/10.3390/ polym17091168
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renewable reinforcement materials with recyclable polymer matrices to further advance
circular economy principles in composite manufacturing [9-13].

Despite the growing interest in recyclable thermoplastic composites, several research
gaps must be addressed to fully realize their potential. One critical challenge is the lack
of comprehensive mechanical characterization data for composites incorporating recycled
thermoplastic blends. While these materials are typically tested following ASTM and ISO
standards, the resulting datasheet properties provide only a basic understanding of their
mechanical behavior [3,13-16]. This limited characterization makes it difficult to accurately
assess key failure mechanisms, such as matrix cracking, fiber breakage, interface debond-
ing, and delamination, which are crucial for ensuring structural integrity and reliability.
Tiwari et al. [17] performed SEM analysis of the fracture surfaces, which showed that 50/50
polyphenylene sulfide (PPS)/polyether ether ketone (PEEK) blends were homogeneous,
with dispersed sphere-shaped PEEK particles at various milled carbon fiber concentrations
and good fiber-matrix adhesion. Although efforts have been made to integrate polymer
blends into composite materials, there is still a significant lack of in-depth mechanical
performance analysis from a composite engineering perspective. To bridge this gap, corre-
lating experimentally obtained results with fundamental failure mechanisms is essential
for the broader application of recycled composites in real-world scenarios. One of the most
promising approaches to achieving this is the use of simulation-based analysis, particu-
larly for unidirectional fiber-reinforced composites. Computational models such as the
Representative Volume Element (RVE)-based approach can provide valuable insights into
mechanical performance, failure behavior, and optimization strategies [18-20]. Ultimately,
this approach facilitates the widespread adoption of sustainable composite materials.

However, a high-fidelity model for polymer blends is still lacking in research, limiting
the credibility of simulation-based approaches. Pioneering work on modeling polymer
blends was conducted by Seelig and van der Giessen [21]. They developed a numerical
approach for polycarbonate (PC)/acrylonitrile-butadiene-styrene (ABS) blends, a com-
mon polymer blend primarily sourced from Waste Electrical and Electronic Equipment
(WEEE) recycling. The material was modeled as a two-phase system, with ABS particles
dispersed in a PC matrix, considering large viscoplastic strains, softening—rehardening
behavior, and plastic dilation caused by rubber particle cavitation. Later, Hund et al. [22]
used the finite element method (FEM) and constitutive models to analyze the large-strain
deformation and fracture behavior of PC/ABS blends, demonstrating their accuracy under
complex loading conditions, which also depended on the material composition. Eddhahak
and Gaudy [23] conducted an experimental study on ABS/PC blends prepared directly
from WEEE waste. The phenomenological G’'Sell and Jonas constitutive law was used
to predict the mechanical response, with parameter identification optimized through the
nonlinear Generalized Reduced Gradient algorithm. Drozdov et al. [24,25] developed a
constitutive model for the viscoplastic behavior of low-density polyethylene (LDPE) and
metallocene-catalyzed polypropylene (mPP) polymer blends, treating the semicrystalline
polymer as a two-phase composite medium. The model was used to examine the effect
of annealing on the viscoplasticity and elastic moduli of the amorphous and crystalline
phases. More recently, Reuvers et al. [26] developed a thermodynamically consistent model
for polyamide 6 (PA6) blended with an amorphous copolymer, incorporating nonlinear vis-
coelastic and elastoplastic behavior at finite strains. The mechanical and thermal properties
were also characterized.

The objectives of this paper are to extend an advanced polymer model from pure
polymers to blends, with the necessary considerations, covering both high-performance
and commodity thermoplastics. Section 2 provides an overview of thermoplastics, polymer
blends, and blend-based composites. Section 3 analyzes the stress—strain response of
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three representative polymer blends (polyaryl ether sulfone) (PES)/PEEK, PPS/PEEK, and
HDPE/PP) and presents the rate- and temperature-dependent advanced polymer model,

along with the transformation for polymer blends, considering the effects of composition

on elastic modulus, viscoplasticity, and rupture. Model validation is provided through

predictions of mechanical behavior across the entire weight fraction spectrum. Section 4

discusses the RVE model for simulating recycled polymer blend-based composites under

critical transverse tensile loading. Section 5 presents accurate mechanical predictions and

insights into the nonlinear interactions between the matrix and fibers, based on high-fidelity

finite element micromechanical simulations. Additionally, it explores the feasibility of using

recycled resin matrices in UD composites by comparing their performance with that of

pure polymer matrices. Discussion on the guidance for incorporating polymer blends

into composites is presented with the aid of an RVE simulation, and their suitability is

quantified using a tentative composite performance index in Section 6.

2. Overview on Thermoplastics in Pure, Blended, and Composite Forms:
Current Applications and Challenges

Thermoplastics have emerged as indispensable materials across industries due to

their recyclability and adaptability. These polymers are broadly categorized into high-

performance polymers (HPPs) and commodity grades, each serving distinct roles in pure,

blended, and composite forms, as shown in Figure 1.
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Figure 1. Thermoplastics and polymer blends as matrices for fiber-reinforced composites and

their commercial applications in industry: (A) CF-PEEK/PEI used for additive manufacturing [27];

(B) Rotorcraft access panel from recycled carbon PPS (source: https:/ /thermoplasticcomposites.nl/

rotocraft-access-panel-from-recycled-carbon-pps/(accessed on 30 March 2025)); (C) Commercial CF

reinforced PEEK-OPTIMA™ (source: https:/ /invibio.com/en/application-areas/trauma (accessed
on 30 March 2025)); (D) Commercial products made from wood plastic composites (WPC) ((a) Park
furniture; (b) Screening; (c) Tool box; (d) Plant boxes; (e) Car interior) [28]; (E) WPC based on the
recycled PE blends from municipal waste [29]; and (F) WPC profile manufactured from recycled
plastic blends [30].

2.1. High-Performance Thermoplastics

In their pure state, high-performance thermoplastics such as PEEK, PPS, and pol-

yaryletherketone (PAEK) dominate applications requiring exceptional mechanical strength,

thermal stability (>200 °C), and chemical resistance [2]. These materials are widely used

in aerospace, automotive, and biomedical sectors for load-bearing components, such as
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aircraft brackets or surgical implants. Their ability to undergo repeated melting and so-
lidification without significant degradation aligns with circular economy goals, enabling
reprocessing into high-value products. However, their high cost, energy-intensive process-
ing, and limited compatibility with additives hinder broader adoption [3].

To address these limitations, high-performance polymer blends have gained increasing
attention [6,7,31-33], owing to their enhanced recyclability, improved thermal stability, op-
timized viscosity, superior mechanical performance, and better processability (see Figure 1).
Ramani and Alam [32] compared the glass transition temperature (T;) and melting temper-
ature (T;;) of various PEEK/poly(ether imide) (PEI) blend compositions and concluded
that a 50/50 PEEK/PEI ratio offers optimal thermal stability. Blends such as PEEK/PEI [27]
or PPS/recycled PEEK reinforced with carbon nanotubes (CNTs) balance stiffness and
toughness while improving processability [14]. These systems are increasingly utilized
in high-temperature aerospace components and biomedical load-bearing applications [4].
Yet, recycling these blends remains challenging due to phase separation and difficulties in
maintaining homogeneity, limiting their use in closed-loop systems [5].

When reinforced with carbon or glass fibers, high-performance thermoplastics form
composites with unparalleled strength-to-weight ratios. These composites excel in struc-
tural aerospace and automotive parts, offering damage tolerance and fatigue resistance.
However, recycling these composites is complicated by the need to separate fibers from the
matrix, often leading to downcycling.

2.2. Commodity Thermoplastics

Commodity polymers such as PP, PE, and polyethylene terephthalate (PET) are ubiq-
uitous in packaging, consumer goods, and automotive interiors due to their low cost
and ease of processing [8]. Their high recyclability supports sustainable, high-volume
production, although their lower thermal and mechanical performance restricts use in
structural applications.

Blending commodity polymers, such as elastomer-modified PP/PE matrices, enhances
properties like impact strength and modulus while integrating recycled content [11]. These
blends are increasingly paired with natural fibers (e.g., wood, banana fibers) to create
sustainable wood plastic composites (WPCs) for automotive interiors and construction pan-
els [9,12,13,29,30]. Innovations in 3D printing further enable the reuse of recycled commodity
blends, although inconsistent properties in recycled materials often limit performance [34].

Commodity composites, typically reinforced with natural or recycled synthetic fibers,
offer lightweight, low-cost solutions for non-structural applications [13]. However, recycled
thermoplastics in these composites frequently exhibit degraded thermal stability and mechani-
cal properties due to chain scission and contamination, reducing their viability for demanding
uses. Poor fiber—-matrix adhesion in recycled systems further complicates performance.

2.3. Challenge

The integration of thermoplastics into advanced composites necessitates robust model-
ing to predict interactions between the constituents with complicated nonlinear behaviors.
While multiscale simulations based on the RVE approach provide insights, there is a gap in
understanding how this simulation approach can be used to explore the effects of using
blends as matrices. In part, this is due to the current recycling barriers that persist for both
categories; high-performance systems struggle with phase separation, while commodity
blends face variability in recycled feedstocks. Limited data exist to evaluate the viability
of recycled polymer blends for composite applications, highlighting a gap that has mo-
tivated this research. This study represents an initial exploration into the feasibility of
using recycled thermoplastics as composite matrices, combining insights from the existing
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literature with advanced constitutive modeling to assess their performance. By integrating
established material data with computational frameworks validated through experimen-
tal studies, this work aims to bridge critical knowledge gaps and establish foundational
guidelines for sustainable composite design.

3. Blend-Based Polymer Matrix and Constitutive Modeling

This section examines the mechanical response of polymers in their pure state. As
previously noted, comprehensive experimental data on polymer blends, particularly
stress—strain behavior across a broad compositional range, remains limited. This study
focuses on PEEK- and PP-based polymers and their respective blends. The subsequent
subsections provide the detailed specifications and properties of these materials.

An advanced polymer model is first briefly introduced to characterize the representa-
tive stress—strain response of pure polymers, emphasizing the critical mechanical attributes
that must be accurately captured for reliable predictive capabilities. The model is then
systematically extended to polymer blends, incorporating the variability in mechanical
characteristics, including elastic modulus, peak yield stress, and failure behavior, to ensure
robust and generalized applicability.

3.1. Mechanical Response of Pure Polymers

Figures 2—4 plot the stress—strain responses of six different polymers used in the blends,
categorized into the following three groups: PES and PEEK, GF-PPS and GF-PEEK, and
HDPE and PP. These polymers exhibit distinct mechanical responses in terms of both elastic
and plastic properties [11,17,31].
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Figure 2. Comparison of experimental and simulation results of stress—strain curves for PES and
PEEK in their pure state. Experimental data extracted from reference [31].

Figure 2 illustrates that both PES and PEEK exhibit similar stress—strain response
trends; however, PES demonstrates a slightly lower elastic modulus and reduced peak
stress compared to PEEK. Specifically, the peak stress of PES reaches 83 MPa, while that of
PEEK attains 92 MPa, both occurring at a strain of 0.075. The failure strain of PES is 0.08,
occurring just beyond its peak stress, whereas PEEK undergoes strain softening beyond
its peak stress, ultimately failing at a strain of 0.15. Figure 3 shows that the incorporation
of short glass fibers (GFs) significantly enhances the mechanical properties of commercial
PPS and PEEK filled with 40% and 30% GE, respectively. Specifically, the elastic modulus
exhibits a substantial increase compared to the pure polymer counterparts, exceeding
9644 MPa, as observed in the 30% GF-filled PEEK. Additionally, the ultimate strength
notably improves; however, the materials exhibit increased brittleness, leading to early
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failure. The failure strain is 0.016 for GF-PPS and 0.027 for GF-PEEK, while in the case of
GE-PPS, the material does not reach a fully saturated peak stress before failure.
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Figure 3. Comparison of experimental and simulation results of stress—strain curves for GF-PPS and
GF-PEEK in their pure state. Experimental data extracted from reference [17].
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Figure 4. Comparison of experimental and simulation results of stress—strain curves for HDPE and
PP in their pure state. Experimental data extracted from reference [11].

The stress—strain response of the commodity polymer group is presented in Figure 4.
Compared to high-performance polymers, these materials exhibit significantly lower strength
levels, with HDPE reaching 21 MPa and PP attaining 38 MPa. The post-yield behavior of
HDPE and PP differs considerably; HDPE exhibits a saturated stress plateau, whereas
PP undergoes a sudden drop beyond a strain of 0.3, attributed to the necking effect—a
geometrically induced phenomenon that was not decoupled using conventional engineering
stress—strain measures. The original data for HDPE extends up to a strain of 1200%, making
it challenging to extract precise data points within the elastic region, as the curves are
densely clustered in a narrow range. Consequently, the elastic phase is represented based
on the elastic modulus values provided in the corresponding table within the reference [11].

3.2. Constitutive Model for Pure Polymers

Based on these characteristics, we present our Unified Semi-Crystalline Polymer
(USCP) model, which is capable of providing accurate predictions. It is important to em-
phasize that this study primarily focuses on the composition of polymer blends. Moreover,
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research on the rate sensitivity of the plastic response is scarce in the existing literature.
Consequently, rate sensitivity is excluded from this work, with particular attention given
to the calibration strategy employed.

The original USCP model [35], formulated within the finite strain kinematic frame-
work, is a generalization of the Boyce-Parks—Argon (BPA) model [36]. It incorporates a
single viscoplastic law that unifies the amorphous and crystalline phases of the polymer,
providing a comprehensive approach to modeling polymer behavior. Figure 5 illustrates
the rheological analogue.
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Figure 5. Schematic representation of elastic modulus, intermolecular resistance, and damage in
corresponding rheological model.

The Cauchy stress tensor in the intermolecular branch ¢ is obtained by eliminating
the plastic deformation gradient F, = FF, 1 with F p=F, IPPF,F p- The rate of inelastic
deformation is written as

DP =¢N, M

where N is the direction tensor, and ¢ is the effective plastic strain rate.

?::éoexp{—A(s_GMTh)O— <Sfe;10h)m)], 2

where 0eq is the defined equivalent stress. The hydrostatic part of the Cauchy stress tensor

is 0},, and the description of model parameters are given in Table Al. The evolution law
for the athermal effective stress is formulated using a smooth, Heaviside-like function to
capture the pre-peak hardening, post-peak softening, and second yield behavior resulting
from the crystalline phase contribution, as follows:

s=m©-(1-2) -t (1-2) e m@- (1-2) ¢

51 52 53

®)

, 857 1/m E
with so = V3T 5 1)

where the athermal strength s; (i = 1, 2, 3) corresponds to the preferred states at different
stages of deformation, as described in reference [35]. The functions governing the hardening
evolution are expressed as follows:

Hi(g) = —hl{tanh(gféjp) - 1}, 4)
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H, (&) = hz{— tanh(?:]:éjp) tanh(g;éfc> + 1}, 5)
Hj (&) = h3{tanh<§;€fc> + 1}, (6)

where &, is the plastic strain at the peak yielding point, and & is the characteristic plastic
strain when the crystalline nano-block initiates the yielding process. This formulation
involves three hardening (or softening) parameters /1, hy, and h3. The parameter f is the
smoothing factor.

As shown in Figures 2—4, the model accurately captures the behavior and has been
validated for pure polymers. It is now extended to polymer blends.

3.3. Extension Version for Blends
3.3.1. Elastic Modulus

It is intuitive to incorporate the mix ratio-dependent elastic modulus into the model
(see Figure 5). PES was procured from Amoco Performance Products under the trade name
Radel (grade A-300), while PEEK was synthesized in the laboratory as described by [37].
The HDPE used was HD 6605, a homopolymer with a melt flow index of 5 g/10 min
(ExxonMobil Chemical), and the PP was Certene PHM-20AN, a homopolymer with a
melt flow index of 20 g/10 min (Muehlstein and Co., Inc.) [11]. Both PES/PEEK [37]
and HDPE/PP [11] systems followed the ASTM D 638 method [38] for conducting the
tensile test.

The blend moduli were reported to exhibit a composition-dependent behavior, as
described by the general equation proposed by Nielsen and Landel [39] for one-phase
binary mixtures, and further specified by the form presented by Kleiner [40], as follows:

E =Ei$p1 + Exo + Brop192 ()

where 1, is the term that represents the magnitude of the deviation from nonlinearity,
with the best-fitted values being 1000 for the PES/PEEK system and 50 for the HDPE /PP
system. Variable ¢; (i = 1,2) denotes the volume fraction of each component, where ¢; can
be calculated and converted from the given weight fraction w; of one component using the
following equation:

_ P2
= p1(1/wy —1) + p ®)

where the density values are sourced from the literature and the corresponding datasheets
of the commercial products, as provided in Table 1.

Table 1. Material properties for the investigated materials in their pure states [11,17,31].

Property PES PEEK  GF-PPS GF-PEEK  HDPE PP
o(g/ecm® 1370 1.263 1.68 1.51 0.948 0.905
E(MPa)  2755* 3556 * 9644 * 9644 * 760 2060

* values obtained by extracting from the stress-strain curves.

Figures 6a and 7a show good agreement between the experimental results and the
calculated ones. According to Equation (3), the composition dependency is naturally
incorporated into the plastic formulation. For instance, Figure 6b shows a comparison
between the experimental and simulation results using the extended version of the USCP
model for the PES/PEEK blends. The stress—strain curves for various mix ratios are
well captured, with the nonlinear portion following a smooth trend, reaching the peak
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yield point consistently. Shown in Figure 7b, good agreement is observed between the
experimental results and the simulation for the HDPE /PP blends.
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Figure 6. PES/PEEK blends: (a) Experimental data and best-fit values of elastic modulus; (b) Com-
parison between experimental and simulation results of stress—strain response.
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Figure 7. HDPE/PP blends: (a) Experimental data and best-fit values of elastic modulus; (b)
Comparison between experimental and simulation results of stress—strain response.

3.3.2. Failure

Figure 5 shows that the proposed model is constructed based on multiple modules.
To characterize failure, a damage module is introduced. The model’s capability is demon-

strated using a failure criterion based on the maximum failure strain, in accordance with

the experimental observations of brittle fracture. Certainly, various energy-based damage

theories can also be incorporated into the model.

Previous research by Tiwari et al. [17] investigated the mechanical behavior of PPS,
PEEK, and their blends. PPS, a semi-crystalline polymer with a melting temperature of
279.68 °C, was studied in its reinforced form. Specifically, they examined 40% short glass
fiber (GF)-filled PPS (Ryton®-R-4-230 NA) from Solvay and 30% short GF-filled PEEK
(PEEK 450 GL 30, Victrex, Lancashire, UK). In this work, the USCP was adopted directly to
the GF-filled thermoplastics, and the failure strain of blends were considered using the rule

of mixture, as expressed in the following equation:

e =epPr+epP2
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Figure 8 presents the stress—strain response for various mix ratios of GF-PPS and
GF-PEEK. The simulation results accurately capture the overall trend, with the predicted
failure showing strong agreement with the experimental data.
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Figure 8. Experimental and simulation results of stress—strain curves for GF-PPS/GF-PEEK matrix.

We demonstrate that our model provides reliable predictions, and it is subsequently
used as the matrix in the RVE simulations.

4. High-Fidelity FE Micromechanical RVE Model

To investigate the influence of matrix blend composition on the micromechanical
behavior of a unidirectional (UD) composite ply, the development of an RVE model is
crucial. Constructing this RVE involves defining the geometry and boundary conditions,
as well as selecting the appropriate material constitutive models.

For this study, the chosen fiber material is UD carbon with a diameter of 7 pm,
represented by randomly positioned cylinders embedded in a polymer matrix under
periodic boundary conditions. Figure 9 illustrates the geometry of the model, which
contains four fibers with a fiber volume fraction of 40%. The fiber positions are generated
using a random algorithm previously applied in the molecular dynamics simulations of
two-dimensional cohesive granular materials [41].

Both the fibers and matrix are independently meshed using three-dimensional (3D) six-
node wedge elements from the element library, designated as C3D6 [42]. The element size
is carefully analyzed to be sufficiently small, approximately 0.8 pm, ensuring the accurate
resolution of microstructural features and consistency in the results. Mechanical Periodic
Boundary Conditions (MPBCs) are implemented using the node-to-node coupling approach
proposed by Garoz et al. [19]. These MPBCs enable the application of a mechanical load in
the transverse direction while allowing Poisson’s contraction.

It is assumed that the carbon fibers follow a linear elastic and transversely isotropic
response. Properties of the mechanical and thermal constitutive behaviors are adopted
from Arteiro et al. [18]. The properties are presented in Table 2. The fiber-matrix interface
is modeled using surface-to-surface cohesive contact as an alternative to surface-based tie
constraints. In this approach, there is no need to specify the stiffness or damage properties
of the cohesive contact behavior.
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Figure 9. (a) Representative Volume Element (RVE) model and (b) node-coupling implementation
of MPBCs.

Table 2. Transversely isotropic elastic properties [18] of carbon fiber.

Density =~ Mechanical
p (kg/m3)  Epq (GPa) E> (GPa) wvi2  Gi2 (GPa) Gz (GPa)

1800 276 15 02 15 7

5. Numerical Analysis of UD Composite Using Blend-Based Matrices

This section details the performance response of UD composites using the previously
developed RVE model, with an attempt to utilize different types of blends. The stress—
strain response is straightforwardly obtained using engineering measures, where stress is
calculated from the applied load and strain is the nominal strain. The predicted mechanical
response of composites using each blend used as the matrix are presented in Figures 10-12.
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Figure 10. Engineering stress—strain response of CE-PES/PEEK composites using RVE simulation .
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Figure 11. Engineering stress—strain response of CF-HDPE /PP composites using RVE simulation.
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Figure 12. Engineering stress—strain response of CF-GF-PPS/GF-PEEK composites using

RVE simulation.

The stress—strain behaviors of all the composites closely follow those of their corre-
sponding blends. The incorporation of carbon fibers significantly enhances the overall
mechanical performance, resulting in increased stiffness and strength. The key mechanical
properties are summarized in Figure 13.

However, the addition of carbon fibers also introduces brittleness, leading to a sub-
stantial reduction in failure strain. For example, the PES/PEEK matrices in Figure 6 exhibit
a failure strain of approximately 8%, whereas their composite counterparts (Figure 10) fail
at around 3%. This reduction occurs because localized matrix pockets within the RVE of
the composite reach their failure strain before the overall composite fails at the global scale.

Similarly, for the CF-GF-PPS/GF-PEEK composites, the failure strain ranges from 1.2%
to 1.75%, while localized matrix regions experience failure at an even earlier stage. This
phenomenon is further examined through fiber-matrix interaction investigation and load
transfer analyses, supported by detailed results of RVE simulations. The findings are accom-
panied by corresponding stress—strain curves, visualizations of stress and strain distributions,
and plasticity indicators to provide deeper insights into the composite failure mechanisms.
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Figure 13. Summary of mechanical properties from RVE simulations for three different polymer
blend composite systems.

A comparative analysis of the RVE performance using pure polymers and selected
50/50 blends is conducted across three blend groups, highlighting performance differences
and the effectiveness of recycled matrices in maintaining UD composite integrity.

Figure 14 compares the following two different matrix systems: pure CF-PEEK as the
baseline material and a 50/50 PES/PEEK blend. The global engineering stress—strain curves
reveal minimal differences between the two, with a UTS of 95.7 MPa for the PEEK-based
composite and 88.35 MPa for the PES-modified PEEK matrix. Strain and stress distributions
are analyzed at critical loading points where matrix failure occurs. Both principal strain
profiles exhibit similar failure locations but different strain values, influenced by fiber
clustering effects. At global failure, the pure PEEK-based composite reaches a maximum
strain of 13.9%, while the PES-modified composite fails at 7.4%. The peak matrix stress
aligns with the UTS in Figure 6, indicating that incorporating 50 wt% PES effectively
reduces the reliance on costly PEEK while maintaining mechanical performance, with only
a minor reduction in failure strain of less than 1.5%.

Figures 15 and 16 demonstrate that the observations made for the PES/PEEK system
are also applicable to the other two polymer blend systems. However, in the CE-HDPE /PP
system, no failure was observed in the FEM simulations, so the chosen loading stage
corresponds to the yielding point.
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Figure 14. Global and local mechanical responses of CE-PES/PEEK composites, as demonstrated

through RVE simulation.
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Figure 15. Global and local mechanical responses of CF-HDPE /PP composites, as demonstrated

through RVE simulation.
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Figure 16. Global and local mechanical responses of CF-GFPPS/GFPEEK composites, as demon-

strated through RVE simulation.
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6. Discussion

The RVE simulations suggest that incorporating recycled polymer blend matrices into
UD composites is a feasible approach, despite a few trade-offs. The obtained stress—strain
curves indicate that while the addition of carbon fibers enhances overall stiffness and
strength, it also leads to a reduction in failure strain compared to pure polymer systems.
As mentioned, in the PES/PEEK system, the failure strain drops from approximately 8% in
the neat blend to around 3% in the composite, primarily due to localized matrix failure.
Despite this decrease in ductility, the prospect of reducing material costs and enhancing
sustainability (by partially replacing expensive, high-performance polymers like PEEK
with recycled materials) presents a compelling case for these blends in applications where
extreme ductility is not critical.

The trade-off between performance and sustainability is a central consideration. Al-
though thermoplastics in pure form may offer better ductility, recycled blends maintain
comparable strength and stiffness, and their use could still bring lower costs and better
environmental impact. When viewed from a life-cycle and sustainability perspective, the
slight reduction in mechanical performance is often an acceptable compromise, especially
in applications where maximum ductility is not the overriding requirement.

The simulations also suggest that the optimal usability of these blends depends on the
operating conditions. They are best suited for environments demanding high load-bearing
capacity under controlled loading conditions, such as those involving transverse tensile
loads. It is critical, however, to account for the reduced failure strain and to optimize the
microstructure by getting a more homogeneous fiber distribution. This may help mitigate
early-stage failure due to localized stress concentrations.

To quantify the suitability of each blend, a tentative Composite Performance Index
(CPI) could be formally introduced as follows:

UTS £f
Pl=uoa| —— F 1
¢ lx(UTSputt&) +‘B<€f,pure> +sE, ( 0)

where the first terms between the parenthesis represents the normalized ultimate tensile
strength, which reflects the load-bearing capacity of the composite. The second term
is the normalized failure strain that indicates the relative level of ductility when using
blends in the composite. The last one corresponds to a sustainability factor SF that might
account for the cost reduction and environmental benefits of using recycled polymers,
among other advantages. The coefficients «, B, v are weights determined by the application
requirements. With respect to SP, a tentative way to quantify this factor is to break it down
into normalized, dimensionless components in which each one represents a key aspect or,
more formally, the following;:

SE=Y ¢S¢  with  § =1 Akblend (11)
k Xk, pure

where Sy is the relevant component to assess sustainability, and cx are weighting coefficients
that reflect the relative importance assigned to each component, fulfilling the condition
Y. cx = 1. Three plausible components to assess SF might be Seny that can quantify any
relevant environmental impact metrics (e.g., CO, emissions) of the recycled and pure
materials, St for the cost of recycled blends and pure materials, and Sy could indicate the
reduction in virgin material consumption when using recycled polymers. According to this
proposal, as an example, for k = cst, the descriptors Xcst, blend aNd Xcst, pure Can be assigned to
the cost of the recycled blend and pure polymers, respectively. It is worth mentioning that
by adjusting the weights ci, the industrial agent can tailor the index to reflect the specific
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priorities of a given application or product, whether they be environmental impact, cost
savings, or resource conservation.

In terms of methodology, to ensure the effective implementation of the proposed CPI
across industries, the following adaptation and customization guidelines are proposed:
First, industries must define clear objectives by identifying primary application require-
ments, such as mechanical performance (e.g., strength, ductility), cost constraints, and
environmental impact thresholds, to establish a baseline for index alignment. Next, the
appropriate weights should be assigned to the coefficients of the Index to ensure that
priorities are transparently reflected; for instance, sectors like packaging, governed by strin-
gent EU sustainability mandates, might prioritize environmental impact over short-term
cost savings. Third, the relevant sustainability indicators—such as CO, reduction metrics
(Senv), waste reducibility targets (Sycs), or cost-effectiveness ratios (Scst)—should be selected,
and they must align with the industry-specific goals, ensuring measurable and action-
able outcomes. Finally, contextual calibration through industry-specific benchmarking is
critical to validate the accuracy of the index, leveraging empirical data (e.g., Packaging
and Packaging Waste Regulation (PPWR) [43] compliance thresholds or Plastics Recyclers
Europe (PRE) [44] emission estimates) to refine its components. This structured approach
not only bridges theoretical frameworks with practical industrial needs but also empowers
sectors to balance performance, sustainability, and economic viability in a quantifiable and
adaptable manner.

On the other hand, simulations point out that the early onset of localized failure,
particularly under high strain, represents a key limitation. This shortfall may restrict the
use of recycled blends in applications that require both high strength and high ductility,
though they remain attractive for applications where the highest level of ductility is not
essential. In that sense, it is important to note that some of these limitations might be
associated with the assumptions inherent in the simulations. The RVE model assumes
ideal fiber-matrix bonding and a perfectly homogeneous matrix (no defects like voids),
factors that might lead to an overestimation of composite performance relative to real-world
production. A fundamental aspect of the recycling process, it significantly influences the
final mechanical performance of the resulting material. In this study, our focus begins at the
stage where recycled materials have already been produced and are ready for use, similar
to the characterization of other pristine materials. However, a broader quantification of
recycling effects, such as changes in molecular weight, impurity content, or crystallinity,
is not included. Consequently, discrepancies between the simulated and experimental
results are expected, and these assumptions underscore the need for further experimental
validation to refine the predictive models.

Nevertheless, the prospects for additional blend formulations and innovative compos-
ite architectures appear promising. Experimenting with different blend ratios, incorporating
secondary additives or nanofillers, and exploring hybrid composite designs that combine
recycled and conventional matrices can potentially overcome current limitations. Moreover,
adjusting the fiber orientations and the stacking sequences in UD-based laminates may
help mitigate localized failures and further enhance mechanical performance.

7. Conclusions

In this work, an advanced constitutive model originally developed for pure thermo-
plastic polymers was successfully extended to capture the elasto-viscoplastic behavior
of polymer blends, specifically demonstrating its applicability to both high-performance
(PEEK-based) and commodity (PP-based) polymer systems. The model accurately accounts
for composition-dependent variations in mechanical properties, such as elastic modulus
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and strength, and includes a damage module employing a strain-based failure criterion,
effectively characterizing material failure.

Using Representative Volume Element (RVE)-based finite element simulations, the
developed model provided local and global predictions of the mechanical performance
under critical transverse tensile loading conditions. These simulations showed that the
stress—strain behaviors of composite materials that incorporated recycled thermoplastic
blends as matrices closely aligns with those of their corresponding neat polymer blends.
However, the simulations also revealed that employing recycled blends as a matrix in-
volved a reduction in ductility. It was observed that localized strain concentrations caused
premature matrix cracking at the microscale, particularly in recycled blend matrix-rich
regions between fibers.

The approach outlined here aims to minimize the reliance on extensive trial-and-error
by providing a computational framework for evaluating recycled polymer blends in indus-
trial composite applications. This method could lead to significant reductions in material
costs, particularly when substituting costly polymers like PEEK, without compromising
mechanical performance.

To evaluate the feasibility of using recycled polymer blends in composites, this study
introduces a performance index that integrates both mechanical and sustainability metrics.
Mechanical metrics, specifically the normalized ultimate tensile strength and normalized
failure strain, are derived directly from the RVE simulation results. Although a detailed quan-
titative sustainability assessment remains an area for future investigation, the study proposes
a preliminary structure for a sustainability factor. This factor can be effectively combined with
mechanical metrics to enable a comprehensive evaluation of blend-based composites. Overall,
the suggested performance index provides a clear, structured methodology to quantitatively
determine the suitability of recycled polymer blends for targeted composite applications.

While the studied blends may exhibit reduced ductility relative to the pure thermoplastics,
their comparable strength and the environmental benefits might represent attractive trade-offs
for many industrial scenarios. However, careful consideration of the operating conditions and
loading scenarios remains essential to fully exploit the advantages offered by recycled blend
matrices. Future efforts should focus on refining the sustainability quantification indicators.

On the other hand, it is worth mentioning that this numerical investigation high-
lighted several aspects that require further exploration. Future work should address
experimental validation under various loading conditions to refine model predictions,
particularly addressing realistic fiber—-matrix interface features. Additionally, accurately
capturing and reconstructing realistic microstructures using advanced microscopy tech-
niques such as SEM—including the presence of voids, heterogeneities, and variability
in fiber distribution—is essential for enhancing the fidelity and predictive capability of
models, going beyond the information provided by conventional stress—strain curves.

Nevertheless, this study provides valuable initial insights into the mechanical via-
bility and sustainability advantages of using recycled thermoplastic blends as matrices
for unidirectional fiber-reinforced composites. Continued research efforts in model refine-
ment, experimental validation, and microstructural optimization are recommended to fully
leverage the economic and environmental benefits of these innovative composite materials.
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Appendix A. Thermomechanical Properties and Identified
Model Parameters

The appendix summarizes the input parameters for the thermomechanical analyses
of UD composites. Tables are provided separately for each constituent, including elasto-
viscoplastic response of matrices, elastic response of carbon fiber and the traction-separation
law of fiber—matrix interface. Readers are referred to the calibrated parameters for USCP
model in Table A1 with the corresponding thermal properties for the investigated polymers
used in this study.

Table Al. Material parameters for the investigated PES/PEEK [17], PPS/PEEK [31] and
HDPE/PP [11].

Material Parameter  Unit PES/PEEK PPS/PEEK HDPE/PP Description

Eref MPa 3556 9644 2060 Modulus of base polymer

v - 0.40 0.40 0.43 Poisson’s ratio

% - 0 0 0 Pressure sensitivity

£ 1/s 3266.36 3.4 x 10% 1.049 x 1012 Rate sensitivity

m - 0.50 0.50 0.50 Rate sensitivity

A K/MPa 1347 1272 1027 Rate sensitivity

S0 MPa 50.74 137.6 2.29 Initial equivalent strength

51 MPa 98.61 210 51 Athermal peak strength

2 MPa 98.61 185.6 11.2 First saturation strength

53 MPa 93.02 184 27 Second saturation strength

hy MPa 1950 26,619 50.36 Pre-peak hardening

hy MPa 1837 32,546 339.6 Post-peak softening

h3 MPa 160 160 340 Second yield hardening

&p - 0.052 0.0088 0.0012 Peak plastic strain

g - 0.254 0.0188 0.0319 Activation plastic strain

f - 0.3 0.3 0.3 Smooth factor
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Abstract: Digital light processing (DLP) is widely recognized as one of the most promis-
ing additive manufacturing technologies for ceramic fabrication. Nevertheless, during
the additive manufacturing of zirconia ceramics, debinding and sintering often lead to
structural defects, which severely deteriorate the material properties and hinder their
broader application. In this study, we added an oligomer into the photosensitive resin
and systematically investigated the effects of oligomer content on the viscosity and cur-
ing properties of ceramic suspensions. The results demonstrated that the introduction
of oligomers is conducive to enhancing the crosslinking density and reducing defects.
Finally, a 45 vol% solid content zirconia ceramic slurry was prepared by adding 20 wt%
oligomers to the resin system. After printing, debinding, and sintering, the final zirconia
ceramics exhibited a uniform microstructure without delamination or cracks, its bending
strength reached 682.4 MPa. This study demonstrates that zirconia ceramics fabricated
by photopolymerization with oligomer photosensitive resin exhibit excellent mechanical
properties, significantly expanding the potential applications for high-performance zirconia
ceramic components with additive manufacturing.

Keywords: additive manufacturing; DLP; zirconia; photopolymerization

1. Introduction

Zirconia ceramics possess excellent properties, including high strength, toughness,
wear resistance, and biocompatibility, which have facilitated their extensive use in both
industrial and medical fields, such as in bearings, cutting tools, dental restorations, and
bone implants [1-3]. Nevertheless, the significant hardness and inherent brittleness of
zirconia ceramics create substantial difficulties when machining components with complex
geometries using conventional manufacturing approaches. While methods like isostatic
pressing, injection molding, and gel casting can be utilized to fabricate ceramics with
moderately complex shapes [4], these techniques are highly dependent on molds and
encounter several limitations, such as expensive mold production, complicated procedures,
extended manufacturing times [5], and challenges in producing parts with highly intri-
cate designs. These constraints have hindered the broader adoption of complex-shaped
ceramic components.

Innovative rapid prototyping and manufacturing technologies have successfully ad-
dressed the inherent limitations of conventional fabrication methods, offering unprece-
dented flexibility in producing geometrically complex ceramic components [6]. Notably,

Polymers 2025, 17, 1354 https://doi.org/10.3390/polym17101354
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additive manufacturing (AM), commonly referred to as 3D printing, is a layer-by-layer
fabrication technology that enables direct digital-to-physical transformation [7]. This
technology demonstrates multiple advantages, including rapid production rates, high
forming accuracy, and low material costs [8,9]. Ceramic additive manufacturing pri-
marily encompasses five key techniques: laminated object manufacturing (LOM), fused
deposition modeling (FDM), selective laser sintering (SLS), direct ink writing (DIW), and
photopolymerization-based methods. Among these, photopolymerization-based methods,
including stereolithography (SL), liquid crystal display (LCD), and digital light processing
(DLP), have emerged as the dominant approaches for fabricating ceramic components,
owing to their superior dimensional accuracy and enhanced surface quality [10-12].

The working principle of DLP technology is to project images with high-resolution
digital projectors for layer-by-layer curing. These images are then stacked to form objects,
as shown in Figure 1. Since each layer is formed in a single exposure, DLP features high
precision, high speed, and high cost-effectiveness [13]; therefore, it is more widely applied
in ceramic additive manufacturing. DLP technology operates through a photochemical
mechanism in which UV irradiation triggers the crosslinking of photosensitive resin com-
ponents, resulting in controlled polymerization and layer-by-layer solidification, while
simultaneously curing the resin-coated ceramic powder [14,15].

«———  Lift platform

+«— Green body
+—— Scraper
I I Slurry
i E —— Release liner
S———— Class plate

UV light

Figure 1. DLP printer and schematic diagram.

Given the characteristics of the photopolymerization process, the ceramic slurry must
possess excellent fluidity, low viscosity, and outstanding photopolymerization performance.
Additionally, to minimize defects such as cracks and achieve a dense ceramic body, the
ceramic slurry must also have a high solid loading [16-18]. Typically, the photosensitive
resin in the slurry comprises various monomers to lower viscosity and enhance the curing
character for effective photocuring reactions [19,20]. Therefore, selecting an appropriate
photosensitive resin formulation is crucial for ensuring slurry stability while simultaneously
meeting the requirements of both high solid loading and low viscosity.

In our previous studies, a photosensitive resin formulation with relatively low viscos-
ity and a high photopolymerization performance was successfully prepared [21]. How-
ever, previous studies have predominantly focused on monomer screening in photosen-
sitive resin systems, overlooking the fact that small-molecule monomers exhibit signif-
icant contraction rates, which can lead to cracks and deformations in ceramic compo-
nents [22]. Recent research has shown several advancements. Xu et al. [23] success-
fully optimized resin—ceramic adhesion by precisely controlling double bond density
and minimizing curing shrinkage. Johansson et al. [24] added non-reactive components
2-[[2-(Benzoyloxy)ethyl]amino]ethanol (BEA) and polyethylene glycol (PEG-200) to the
photosensitive resin, which helped reduce polymerization shrinkage and modified the
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thermal decomposition of the polymer matrix. This optimization effectively suppressed
layer delamination and interlayer cracking during thermal processing, yielding sintered
components with a near-theoretical relative density of 99%. In a parallel study, Dang
et al. [4] strategically replaced a portion of the ethoxylated pentaerythritol tetraacrylate
(PPTTA) monomer with ethoxylated trimethylolpropane triacrylate (ETPTA) and incorpo-
rated functional oligomers. This formulation redesign reduced the critical exposure energy
to 14.88 mJ/cm? while achieving a 98.5% monomer conversion rate. Han et al. [5] studied
the influence of different PEG-200 contents on the degreasing process and mechanical
properties of zirconia parts, and it was proved that PEG-200 could effectively inhibit the
defects during the degreasing process.

From these studies, it is clear that reducing the effects of shrinkage helps prevent cracks
and structural defects, ultimately improving the mechanical and functional performance
of ceramics. Oligomer is a component of partial photosensitive resins that, compared to
monomers, polymerizes with far fewer double bonds being consumed. As a result, the
photopolymerization of oligomers induces substantially less volume shrinkage [22]. How-
ever, there are relatively few studies on the influence of oligomers on the photosensitive
resin system of zirconia ceramics.

In this study, based on our previous research on resins [21], oligomers were introduced
into the photosensitive resin system, and the effects of different contents of oligomers
on the viscosity and photopolymerization performance of zirconia ceramic slurry were
investigated. Through a comprehensive investigation of microstructure evolution and its
impact on mechanical properties, the optimal balance point for the monomer-to-oligomer
ratio in the photosensitive resin system was successfully identified. The zirconia ceramic
slurry prepared with the resin containing a definite amount of oligomer was subjected to
printing, debinding, sintering, and testing, resulting in significant improvements in the
properties of the ceramic finish part.

2. Materials and Methods
2.1. Materials

In this study, zirconia powder (D50 = 1 pm, Shandong Sitaili Metal Materials Co., Ltd.,
Jinan, China) was used. The resins used in this study, including monomers Acryloyl mor-
pholine (ACMO, Shanghai Guangyi Chemical Co., Ltd., Shanghai, China), 1,6-Hexanediol
diacrylate (HDDA, Shanghai Guangyi Chemical Co., Ltd., Shanghai, China), Trimethy-
lolpropane triacrylate (TMPTA, Shanghai Guangyi Chemical Co., Ltd., Shanghai, China),
and oligomer Bisphenol A epoxy acrylate (BAEA, Shanghai Yinchang New Materials Co.,
Ltd., Shanghai, China). A 2,4,6-trimethyl benzoyl diphenyl phosphine oxide (TPO, Shang-
hai Guangyi Chemical Co., Ltd., Shanghai, China) was used as the photoinitiator, while
BYK110 (Dongguan Haoyouduo New Materials Co., Ltd., Dongguan, China) was selected
as a dispersant.

2.2. Preparation of Zirconia Ceramic Slurry

As shown in Figure 2, first, the photosensitive resin was prepared by mixing different
resin monomers and oligomers via a magnetic stirrer (RCT-Basic, IKA-Werke GmbH & Co.
KG, Staufen im Breisgau, Germany) at 500 r/min for 60 min. The monomer and oligomer
compositions of the different resin groups are shown in Table 1. Next, a specified amount of
zirconia ceramic powder was added to the prepared photosensitive resin, different content
of dispersant was added to the suspension, ranging from 1 wt% to 3 wt% of zirconia
powder, and TPO with 3 wt% of resins was added as the photoinitiator. The suspension
was then ball-milled using a planetary ball mill (BQM-1L, Changsha Miqi Instruments &

160



Polymers 2025, 17, 1354

Equipment Co., Ltd., Changsha, China) at 350 rpm, with alternating forward and reverse
rotations for 10 h each, resulting in a homogenously dispersed zirconia ceramic slurry.

Monomers
- e Zirconia Powder

Oligomer _
N Photoinitiator ( )

= B Th
Vi =) =1 — [
/_‘\.—_—;'_\ H
= g
Photosensitive resin Zirconia suspension Ball-Milling Digital Light Processing
‘
Final component Sintering Debinding Green body

Figure 2. 3D printing zirconia ceramic fabrication process.

Table 1. Composition of resin.

Group ACMO (wt%) HDDA (wt%) TMPTA (wt%) BAEA (wt%)
1 50 10 40 0
2 50 10 30 10
3 50 10 20 20
4 50 10 10 30
5 50 10 0 40

2.3. Fabrication

The zirconia ceramic green body was printed using a DLP ceramic printer (BLD-25-
C1, Qingdao Breuck 3D Additive Manufacturing Co., Ltd., Qingdao, China). The print
thickness was selected as 30 um, with the exposure power between 3 and 6 mW/cm?,
and an exposure time of 3-30 s. The green body was fabricated in a rectangular geometry
measuring 35 mm x 4 mm x 3 mm. After printing, the green body was treated through
debinding according to the thermogravimetric analysis. The zirconia green body was
debound at 600 °C in air atmosphere in debinding furnace (FM]-07/11, Hefei Facerom
Intelligent Equipment Co., Ltd., Hefei, China) for 2 h and then sintered in the sintering
furnace (FMJ-05/17, Hefei Facerom Intelligent Equipment Co., Ltd., Hefei, China) with a
heating rate of 5 °C/min to 1600 °C for 2 h.

2.4. Characterization

The rheological property of zirconia slurries was determined using a digital vis-
cometer (NDJ-8Spro, Shanghai Xiniulab Instruments Co., Ltd., Shanghai, China) at room
temperature. The curing thickness was measured using a micrometer (Q2LF0025, Deqing
Shengtaixin Electronic Technology Co., Ltd., Deqing, China). The thermal decomposition
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characteristics of the green body were investigated using thermogravimetric analysis (TGA;
Labsys EVO, SETARAM Instrumentation, Caluire et Cuire, France) with a constant heat-
ing rate of 5 °C/min under a flowing air atmosphere. A scanning electron microscope
(SEM, SU8010, HITACHI, Tokyo, Japan) characterization was performed to analyze the
microstructural transformations from the green body through debinding to the sintering
state. The sintered ceramic specimens were tested for three-point bending strength using
a testing machine (Digital electronic universal testing machine, WH-70, Ningbo Weiheng
Testing Instruments Co., Ltd., Ningbo, China), as shown in Figure 3, at a loading rate of

0.5 mm/min. To ensure repeatability, five samples were tested.

Figure 3. Three-point bending test.

3. Results and Discussion
3.1. Rheological Properties of Zirconia Ceramic Slurry

In order to prepare a slurry of zirconia ceramics with low viscosity and good dispersion
properties, a dispersant was added to the slurry. Determining the optimal dispersant
concentration represents a crucial parameter for attaining target rheological properties in
high solid-loading slurries for ceramic additive manufacturing applications. To determine
the optimal concentration of dispersant for the zirconia slurry, the rheological properties
of suspensions containing varying dispersant concentrations (1, 1.5, 2.0, 2.5, and 3 wt%
relative to zirconia powder) were investigated, as shown in Figure 4a; for the convenience
of comparison, a slurry with resin Group 1 and 40 vol% solid content was used. It has been
observed that the viscosity of all the slurries with different contents of dispersant decreases
as the shear rate increases, and all the slurries exhibit non-Newtonian fluid characteristics.
The viscosity decreases as the content of the dispersant increases from 1% to 2.5 wt%,
but starts to increase when the content further increases to 3 wt%. This phenomenon is
commonly ascribed to molecular flocculation induced by excessive dispersant dosage,
resulting in impaired suspension fluidity [25,26]. Based on the rheological characterization
results, a dispersant concentration of 2.5 wt% was determined to be optimal and was
therefore selected for all subsequent processing steps in this investigation.

The solid loading of the ceramic suspension was further optimized by assessing its
rheological behavior, as shown in Figure 4b. As the solid content increases, the slurry
viscosity rises accordingly. At 50 vol% solid loading, a sharp increase in viscosity is
observed. A good slurry fluidity is essential for smooth printing; normally, the viscosity
should be less than 10 Pa-s at a shear rate of 10 s~! [27]. When subjected to a shear rate
of 10 s71, the slurry containing 50% solids demonstrates a viscosity of 20 Pa-s, and such a
high viscosity is no longer suitable for printing. Therefore, the final solid loading of the
zirconia ceramic slurry was set at 45 vol% to ensure the printing process.
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Based on the dispersant and solid loading research, the influence of oligomer content
on rheological behavior has been studied. As shown in Figure 4c, the viscosity of the slurry
progressively increases with increasing oligomer concentration. This occurs because the
oligomers exhibit higher viscosity compared to photosensitive resin monomers, thereby
increasing the overall slurry viscosity. The viscosities at a typical shear rate of 10 s~!
were 5.18, 4.90, 7.06, and 9.25 Pa:s for the slurries of Groups 1, 2, 3, and 4, respectively,
demonstrating that these slurries are suitable for the printing process. In contrast, Group 5

exhibited a viscosity of 23.36 Pa-s at a 10 s~! shear rate, exceeding the printable range.
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Figure 4. (a) Relationship between shear viscosity and shear rate of zirconia ceramic slurry with
different dispersant content. (b) Rheological properties of zirconia ceramic slurry with different solid
loading. (c) Relationship between shear viscosity and shear rate with different resin components.
(d) Relationship between shear stress and shear rate with different resin components.

As shown in Figure 4d, the shear stress also increases with the increase in oligomer
content. The shear stresses at a typical shear rate of 10 s~ were 51,941, 48,994, 70,851, and
92,830 mPa for the slurries of Groups 1, 2, 3, and 4, respectively. Under the same conditions,
the shear stress of the Group 5 was 234,655 mPa, which is significantly higher than that of
the other groups. This indicates that when oligomers completely replace multifunctional
monomers, the rheological properties of the slurry deteriorate significantly.
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Due to the inadequate rheological properties of the slurry containing resin Group 5, it
is no longer possible to complete the printing; therefore, this study subsequently utilized
only slurries with resin Groups 1, 2, 3, and 4 for all further testing.

3.2. Photocuring Performance of Zirconia Ceramic Slurry

During light exposure, the photoinitiator in the photosensitive resin system generates
free radicals that can initiate the polymerization of monomers or oligomers. This leads to the
polymerization and crosslinking of active monomers or oligomers within the photosensitive
materials, ultimately forming a three-dimensional network structure.

In the presence of a photoinitiator, the photosensitive resin premix undergoes pho-
topolymerization under specific light intensity, leading to the formation of a crosslinked
network structure. The cure depth Cy4 (um) of the resin is influenced by the energy dose
and can be described using the Beer-Lambert law [28], which relates light attenuation to
material properties. According to this model, the energy imparted to the resin diminishes
with increasing depth, resulting in a decrease in cure depth as the layer thickness increases.
The relationship between cure depth and energy dose can be expressed as follows:

Cq = Dpln<}§i> (1)
Here, projection depth D}, (um) represents the penetration depth of the experimental
setup, Ec (mJ-cm™2) is the critical exposure energy, and E is the actual exposure energy
(mJ-cm~2) applied. This equation indicates that the cure depth increases logarithmically
with the energy dose. In this study, we analyzed the relationship between C4 and InE,
as illustrated in Figure 5, and performed curve fitting to determine the variations in Dy,
and E, along with their corresponding R? values, as shown in Table 2, to assess the
model’s accuracy.
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Figure 5. Linear fitting relationship between exposure energy and cure depth of the zirconia ceramic
slurries with different resin compositions.
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Table 2. Photocuring characteristic parameters of zirconia ceramic slurry with different resin compositions.

Group Dp E. R2
1 20.64 1.840 0.97095
2 20.48 1.611 0.96357
3 21.26 1.783 0.97718
4 23.09 2.546 0.97713

All experimental curing depths exceeded the 30 um layer thickness, fulfilling the
fundamental printing specifications. As evidenced by the fitted data, both the projection
depth (Dp) and critical exposure energy (Ec) exhibited a decreasing trend with increasing
oligomer content. Notably, Group 4 displayed the highest values among all ceramic slurries,
suggesting superior photosensitivity that enables curing at lower energy levels compared to
Groups 1-3. Furthermore, the high correlation coefficients (R?) observed across all groups
indicate excellent fitting reliability.

3.3. TG-DTG Analysis

As evidenced by the TG-DTG results in Figure 6, the primary decomposition tempera-
ture ranges of organic components occurred between 400 °C and 450 °C. Near-complete
thermal decomposition was achieved by 600 °C, after which the green body mass stabilized.
Consequently, during the debinding process, a slow heating rate is maintained up to 100 °C
to ensure thorough moisture removal without inducing cracks. Furthermore, an isothermal
holding stage was implemented around 400 °C and 450 °C. The epoxy acrylate cured
by photopolymerization has enhanced thermal stability due to its crosslinked network
structure. The decomposition initiation temperature has risen to 300-350 °C, and the
main decomposition stage is concentrated in the range of 350-450 °C [29]. The test results
also verified this conclusion, with the increase in oligomer content, the resin decomposi-
tion process becomes more violent. As shown in Figure 6b, the debinding processes in
Groups 1, 2, and 3 are much milder, among them, Group 3 exhibits the widest decomposi-
tion temperature range and shows a distinct multi-stage decomposition process, thereby
effectively minimizing the formation of internal defects.
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Figure 6. (a) TG curves of printed zirconia ceramic green body with different resin compositions.

(b) DTG curves of printed zirconia ceramic green body with different resin compositions.
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3.4. Properties of Zirconia Ceramics

Ceramic specimens were, respectively, printed using slurries with four different group
resins. The SEM micrographs of the printed green body are shown in Figure 7. As can be
seen from the figures of the green body with Group 1 and Group 2, the interlayer cracks be-
tween each layer can be clearly seen. This is likely caused by the low polymerization degree
of the polymers in the slurry. In contrast, the green body of Groups 3 and 4 exhibited nearly
indistinguishable interlayer cracks from the printing process; these results demonstrate
that the addition of oligomers was found to promote more complete photopolymerization
and increase crosslinking density.
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Figure 7. SEM images of green body fracture surfaces with different resin groups: (a,b) Group 1;
(c,d) Group 2; (e,f) Group 3; (g,h) Group 4.
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Figure 8 presents SEM images comparing the surface morphologies of debinded sam-
ples fabricated by different group resin composites. During the debinding process, polymer
decomposition leads to significant volumetric shrinkage. The micrographs in Figure 8a,c,e
clearly reveal interfacial delamination between layers, demonstrating insufficient interlayer
bonding strength. However, no delamination is observed in Figure 8g, demonstrating
that the oligomer addition effectively mitigates interlayer cracks and, consequently, en-
hances the mechanical properties of the components. Additionally, it can be observed from
Figure 8f that the ceramic particles are distributed very uniformly, with no obvious defects
detected. This is attributed to the relatively smooth debinding process of Group 3, which
also aligns with the TG-DTG results.
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Figure 8. SEM images of debinded ceramic specimens with different resin groups: (a,b) Group 1;
(c,d) Group 2; (e,f) Group 3; (g,h) Group 4.
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Figure 9 presents the fracture surface morphologies of sintered ceramics specimens
with different resin groups. It could be clearly observed that in samples of Groups 2, 3, and
4, interlayer cracks almost disappeared. Furthermore, higher-magnification microstructural
examination demonstrates that the specimen with Group 3 resin has the least amount of
micropores remaining inside the ceramics. The three-point bending test also confirmed this
result. As shown in Figure 10, the bending test of specimens with oligomer (Groups 2, 3,
and 4) exhibited significantly enhanced performance compared to Group 1, in which no
oligomer was added. Among the tested groups, Group 3 demonstrated in all the tested
resin groups the highest bending strength of 682.4 MPa.
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Figure 9. SEM images of the bending fracture surfaces of the sintered specimens with different resin
groups: (a,b) Group 1; (¢,d) Group 2; (e,f) Group 3; (g,h) Group 4.
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Figure 10. Bending strength of sintered zirconia ceramic specimens with different resin groups.

These results further indicate that the resin formulation explored in this study is

suitable for DLP additive manufacturing of zirconia ceramics, and they are helpful in

reducing defects that occur during the printing, debinding, and sintering processes, and

enhancing the mechanical properties of zirconia ceramics.

4. Conclusions

In this study, the effects of different oligomer content on the rheological properties,

the photopolymerization behavior of slurries, and the mechanical properties of printed

ceramic specimens were systematically investigated, along with the influence of dispersant

content and solid loading on the rheological properties of the zirconia ceramic slurry.

1.

Dispersant Content Impact: This study elucidated the critical role of dispersants in
controlling rheological behavior, with the 2.5 wt% dispersant formulation showing
minimum viscosity among all tested compositions.

Solid loading Impact: The addition of a 2.5 wt% dispersant enabled the achievement
of an optimal slurry solid loading of 45 vol%.

Oligomer Content Impact: This study revealed that although the addition of oligomers
negatively affects the rheological properties of the slurry, it enhances the photopoly-
merization performance, increases the degree of polymerization and crosslinking
density in DLP printing, and helps reduce interlayer cracks, thereby improving the
strength of printed parts. The zirconia ceramic samples fabricated using a slurry
containing 20 wt% oligomers of photosensitive resin exhibited a bending strength of
682.4 MPa after printing, debinding, and sintering processes.
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Abstract: Antistatic and anti-flame biodegradable polymer composites were developed
by melt-blending polybutylene succinate (PBS) with epoxy resin, polybutylene adipate-
co-terephthalate (PBAT), and MgO particles. The composite films were prepared using
a two-roll mill and an extrusion-blown film machine. Plasma and sparking techniques
were used to improve the antistatic properties of the composites. The PBS/E1/PBAT/MgO
15% composite exhibited an improvement in V-1 rating of flame retardancy, indicating
an enhancement in the flame retardancy of biodegradable composite films. The tensile
strength of the PBS/PBAT blend increased from 19 MPa to 25 MPa with the addition of
1% epoxy due to the epoxy reaction increasing compatibility between PBS and PBAT. The
PBS/E1/PBAT and PBS/E1/PBAT blends with MgO 0, 0.5, and 1% showed increases in
the contact angle to 80.9°, 83.0°, and 85.7°, respectively, because the epoxy improved the
reaction between PBS and PBAT via the MgO catalyst effect. Fourier-transform infrared
spectroscopy confirmed the reaction between the epoxy groups of the epoxy resin and
the carboxyl end groups of PBS and PBAT by new peaks at 1246 and 1249 cm~!. Plasma
technology (sputtering) presents better antistatic properties than the sparking process
because of the high consistency of the metal nanoparticles on the surface. This composite
can be applied for electronic devices as sustainable packaging.

Keywords: fiber; plasma; epoxy; reaction
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1. Introduction

Plastics have become an integral part of modern life owing to their desirable properties,
including durability, light weight, corrosion resistance, chemical resistance, low cost, and
ease of manufacture [1-3]. Plastics are utilized in a wide range of applications, including
films, sheets, fibers, yarns, adhesives, particles, and coatings, across various industries
such as automotive, biomedical, pharmaceutical, construction, agriculture, electronics, and
packaging [4,5]. However, the irreversible ecological damage caused by plastic waste is
increasing. This increase in plastic waste has caused environmental harm to both land
and marine life. One approach to address this issue is to develop biodegradable polymer
blends (BPBs). There are three ways to classify environment-friendly materials: by the
origin of the polymer matrix (e.g., natural and synthetic polymers), degradability (e.g., fully,
partially, or non-biodegradable), and the content of renewable components (e.g., petroleum-
based, partially, or fully bio-based components). Petroleum-derived plastics have led to
enormous volumes of environmental pollution owing to their improper disposal. Only
173 million tons of plastic waste are collected for recycling and landfills [6], highlighting
the urgent need for new, cost-effective, and degradable plastics that are currently a subject
of interest for many academics and industries worldwide.

Poly(butylene succinate) (PBS) is a biodegradable polymer that can be generated from
renewable resource-based succinic acid, obtained through the bacterial fermentation of
sugars such as glucose, starch, and xylose [7]. Furthermore, the melting point of PBS is
considerably lower than those of other commercially available biodegradable polymers,
which can reduce the industrial processing time for blending with other materials [8].
The advantages of PBS include its semi-crystalline structure, thermal stability, and ease of
forming processes (such as conventional film-casting and blowing techniques), making
it an appropriate representative for producing biodegradable films [9]. However, the dis-
advantages of PBS are its poor ductility and high cost compared with other conventional
plastics [10]. Therefore, there is still room for further studies on PBS blends with other
polymers. Poly(butylene adipate-co-terephthalate) (PBAT) is a synthetic polymer based
on fossil resources that is ductile at room temperature and has good processability [11,12].
PBAT can be blended with PBS to achieve desirable physical, mechanical, and barrier prop-
erties. In addition, a high potential for increasing material biodegradability can be achieved
by blending PBAT and PBS [13]. Non-thermal plasma is one of the technologies to apply for
blending technique [14]. The expectation of blending the high ductility of PBAT with the
tensile strength of PBS is to balance the properties of biodegradable film production. How-
ever, the blending of polymers has issues regarding their compatibility. The incorporation
of a compatibilizer into a polymer blend is pivotal for enhancing the compatibility of the
biopolymer blend. Epoxy (E) is a crosslinker that improves the compatibility of polymer
blends [15,16]. An epoxy is composed of epoxide groups, which are reactive groups used
to crosslink with other functional groups such as hydroxyl and carboxylic groups [17].
This process leads to improved morphology, melting, and crystallization of the polymer
blends [18]. Epoxies have the potential to enhance the compatibility of polymer blends.

Electrical and automotive industries require some materials to protect the products
before using, such as packaging and coating. Plastic is a candidate material for these
applications, while biopolymer has environmental impacts. The limitation of using biopoly-
mers in packaging, electronics, and automotive applications is their potential fire risk and
flammability [19]. The addition of various types of flame retardants is a promising and ef-
fective way to improve the anti-flaming performance of a blending polymer matrix [20-22].
An alternative flame retardant, magnesium oxide (MgO), has been widely used in building
materials, fireproof coatings, and refractory materials [23]. MgO is used as an additive for
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antistatic property [24]. Although MgO can be used as a binder in ceramics and ceramic-
matrix composites [25], its use in polymers has not yet been thoroughly investigated.

Atmospheric-pressure plasma is an alternative technique for surface modification
that affects surface properties such as chemistry and morphology. Atmospheric-pressure
plasma has recently been demonstrated to be an effective technique for modifying polymer
surfaces [26]. Only surface properties are changed, but the bulk properties remain un-
changed when applying plasma treatment [27]. Dhanumalayan et al. (2017) reported that
the average surface roughness increased after plasma treatment [28]. As static charges can
destroy sensitive electronic equipment, researchers must develop antistatic materials [29].
Polymeric matrices are the best candidates for antistatic packaging because of their inherent
lightness and good processability [30]. Metal particles, such as copper, silver, iron, and
carbon allotropes (carbon black, graphite, or carbon nanomaterials), are commonly used
as antistatic coatings [31]. The sparking process is an alternative method for generating
metal nanoparticles and altering the surface of materials. The advantages of the sparking
method include its simplicity, low cost, rapidity, non-vacuum system, and use of non-toxic
starting materials (i.e., metal wires) [32-34]. The sparking process has the potential to
be used as an antistatic additive to improve surface materials. Strengthening the electro-
static resistance of bioplastics using various surface treatment processes, including plasma
technology and sparking processes, are two key strategies employed to improve antistatic
biodegradable polymer composites. However, there are no previous reports on their use as
flame-retardant additives with bioplastics and a comparison of their antistatic abilities with
plasma technology and sparking processes. The integrated strategy simultaneously en-
hances flame retardancy and antistatic performance in biodegradable polymer composites,
which expands their potential for being used in advanced sustainable packaging, electronic
devices, and automotive components.

Therefore, this study aimed to develop antistatic and anti-flaming biodegradable
polymer composites from PBS blends with epoxy resin, PBAT, and MgO to improve their
mechanical properties, water resistance, morphology, thermal stability, chemical structure,
and flame retardancy. The antistatic properties were improved by plasma technology and a
sparking process for coating the film surface. Antistatic and anti-flaming biodegradable
polymer composites can be used in packaging, electronics, and automotive applications.
MgO was found to improve the reaction and flame retardant of PBS/PBAT blend, while
plasma sputtering was an effective technique to improve antistatic property.

2. Materials and Methods
2.1. Materials

Polybutylene succinate (PBS) pellets (BioPBS™ FD92PM, density 1.24 g/cm?, MFI
4 ¢/10 min at 190 °C, melting point 84 °C, molecular weight of 516.54 g/mol) were pur-
chased from PTT Global Chemical Public Co., Ltd. (Bangkok, Thailand). Polybutylene
adipate terephthalate (PBAT) pellets (ECOFLEX F Blend C1200 grade, MFI12.7-4.9 g /10 min
at 190 °C, density 1.26 g/cm?, molecular weight of 52.1 kg/mol) were purchased from Unic
Technology Co., Ltd. (Chonburi, Thailand). Epoxy resin (E) (diglycidyl ether of bisphenol
part A, EPO-TEK 302 grade, molecular weight of 340 g/mol, viscosity 5000-10,000 cPs at
23 °C, glass transition temperature > 40 °C, shore D hardness 73) was purchased from Easy
Resin Co., Ltd. (Nonthaburi, Thailand). MgO powder with particle sizes of 0.1-0.5 um
was purchased from Cernic International Co., Ltd. (Nakhon Pathom, Thailand). Tita-
nium, copper, and aluminum wires (0.5 mm diameter) were purchased from Advent
Research Materials Co., Ltd. (Oxford, UK). Copper, zinc, aluminum, and titanium ox-
ide (TiO,) nanoparticles were purchased from Guangguang Jing Yan Material Co., Ltd.
(Xinfeng, China).
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2.2. Preparation of Biodegradable Polymer Composite

Biodegradable polymer composites were prepared using a melt-blending process due
to high shear mixing to disperse metal particles in polymer matrix. Samples were prepared
by melt-blending PBS (80%) mixed with 1% epoxy (without hardener), 19% PBAT, and
MgO particles at concentrations of 0, 0.5, 1, 2, 5, 10, and 15g, using a two-roll mill (Squeeze
6520 Precision resource Co., Ltd., Bangkok, Thailand) at 130 °C for 10 min. Table 1 lists
the composition and nomenclature of the PBS/E1/PBAT/MgO blends. The samples were
placed in a mold and compressed into sheets for property assessment using a hot compress
at 130 °C for 10 min. All samples were prepared in sheets to evaluate their mechanical
properties, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC),
water resistance properties, morphological properties, and chemical structure. The best
formulation was selected to prepare uniform compound by twin screw extruder, and then
prepared to be film by blown film extruder.

Table 1. Composition of PBS/E1/PBAT/MgO blends.

Composition (g)

Samples
PBS/E1/PBAT MgO
1. PBS/E1/PBAT 100 -
2. PBS/E1/PBAT/MgO 0.5 99.5 0.5
3. PBS/E1/PBAT/MgO 1 99 1
4. PBS/E1/PBAT/MgO 2 98 2
5. PBS/E1/PBAT/MgO 5 95 5
6. PBS/E1/PBAT/MgO 10 90 10
7. PBS/E1/PBAT/MgO 15 85 15

2.3. Preparation of Biodegradable Polymer Composite Blown Film

The anti-flaming PBS/E1/PBAT/MgO15 composites were mixed using a twin-screw
extruder (CTE-D22L32 model, Chareon Tut Co., Ltd., Samutprakarn, Thailand). Before
mixing, all materials were dried at 60 °C for 24 h to evaporate moisture content. The
extruder temperatures for samples from the hopper to the die were set in sequence as
follows, 100 °C, 110 °C, 140 °C, 140 °C, 150 °C, 130 °C, 130 °C, and 120 °C, corresponding
to torques of 50% and 70%, with a screw speed of 80 rpm. After mixing, films were
produced using an extrusion-blown film machine (Laboratory Film Blowing Machine,
Precision resource Co., Ltd., Nonthaburi, Thailand) for antistatic study. The temperature
profile was set at 115 °C, 150 °C, 145 °C, 115 °C, and 110 °C from hopper to die, and the
screw speed was set at 300 rpm. The film thickness ranged from 0.1 to 0.2 mm. Nanocoated
films were produced from these film samples using plasma technology and a sparking
process. The antistatic properties were then compared.

2.4. Preparation of Plasma Technology (Sputtering) on Biodegradable Polymer Composite Films for
Antistatic Properties

The PBS/E1/PBAT/MgO15 composite films were individually functionalized using
copper, zing, aluminum, and titanium oxide (TiO,) nanoparticles through DC magnetron
sputtering using an MSLV-20020330 system. A high-purity (99.99%) target was secured
to the cathode end, placed 5 mm from the specimen’s surface. The vessel was evacu-
ated prior to sputtering and filled with gas. The argon gas pressure was maintained at
1.0 x 107! Torr/m? in the chamber, and the argon gas flow was stabilized at 5 sccm. The
oxygen (O,) gas pressure was set at 3.0 x 10! Torr/m>. The substrate underwent smooth
deposition of metal nanoparticles using DC magnetron sputtering powered by a 100 W
DC power supply (RPG-50 reactive plasma generator) for the sputtering process. The
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coating duration was 3 min, and the coating process was applied to only one side of the
PBS/E1/PBAT/MgO15 composite film. After sputtering, the final PBS/E1/PBAT/MgO15
composite film was extracted from the chamber to measure its physical, chemical, and
electrical characteristics.

2.5. Preparation of Nano-Metal-Particles (NMP) Sparking Process on Biodegradable Polymer
Composite Films for Antistatic Properties

Ti, Cu, and Al wires (0.5 mm diameter) were purchased from Advent Research Ma-
terials Co., Ltd. (Oxford, UK). The two sharp tips (20 mm long) of the metal wire were
connected to the anode and cathode of the sparking machine. The tips were aligned 2 mm
above the PBS/E1/PBAT/MgO composite film (5 cm x 10 cm x 0.1 cm) with a 1 mm gap
between the anode and cathode. The PBS/E1/PBAT/MgO composite film was individually
sparked with Ti, Cu, and Al at 3 kV and 3 mA, and the tip holders of the wires were moved
along the XY axis at a speed of 100 mm/min. The number of repetitions for each metal
wire is listed in Table 2.

Table 2. Repeated time of each metal wire.

No. Metal Wire: Repeated Times

Control (Untreated)
Titanium (Ti:10)
Titanium (Ti:20)
Titanium (Ti:30)
Titanium (Ti:40)
Copper (Cu:40)

Aluminum (Al:40)

N UG W -

2.6. Flame-Retardant Characterization

The flame retardancy of the samples was tested using the UL94 standard [35]
(size: W12.7 mm x L127 mm x T1 mm) for vertical burns (V-0 to V-2 Rating). A burner
flame was applied to the free end of the specimen for two 10 s intervals, separated by the
time it took for the flaming combustion to cease after the first application. Five specimens
were tested. The classifications of the UL94 standards [35] are presented in Table 3.

Table 3. Classification of UL94V standards.

UL 94 Test (Vertical Burning Test)

Test Criteria V-0 V-1 V-2
Burning time for each individual test
specimen (s) (after first and second flame <10s <30s <30s
applications Tq or T»)
Total burning time (s) (Tq + T») <50s <250s <250s

Dripping of burning specimen

(ignition of cotton batting) No No Yes

Combustion up to holding clamp

(specimens completely burned) No No No
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2.7. Mechanical Properties

The mechanical and tensile properties of the anti-flaming biodegradable polymer com-
posites were evaluated. The tensile properties were measured using a tensile tester (Model
MCT-1150, Tokyo, Japan) at a distance of 10 mm and a crosshead speed of 20 mm /min. The
specimens, prepared as bone-shaped samples according to the JIS K 6251-7 standard [36],
were tested with a minimum of five specimens for each composition. The specimens were
conditioned at 25 °C with 50 £ 2% RH for 24 h. The maximum force and elongation at
breaking were recorded.

2.8. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis of all samples was performed using a thermogravimetric
analyzer (Mettler Toledo STARe system TGA/DSC3+, Greifensee, Switzerland). Each
sample, weighing approximately 5-10 mg, was heated from 25 °C to 600 °C at a heating
rate of 15 °C/min under Nj.

2.9. Differential Scanning Calorimetry (DSC)

Samples weighing 5-10 mg were placed in an alumina pan. The temperature program
involved heating from —50 °C to 200 °C, cooling from 200 °C to —50 °C, and further
heating from —50 °C to 200 °C, all at a constant heating rate of 10 °C/min under a nitrogen
atmosphere. The crystallinities (%X.) of the samples were calculated using Equation (1).

AHp, — AH.

Crystallinity % (%Xc) = (
y y WHT

) x 100 1)
where AH;, and AH, are the enthalpies of melting and cold crystallization, respectively,
and w and AH’,, are the weight fraction of PBS and PBAT and the melting enthalpy of
100% pure polymer (110 and 114 J/g), respectively.

2.10. Morphological Properties

The cross-sectional morphologies of the films were examined using an SEM (FE-
SEM, JSM-IT800 series, JEOL Co., Ltd., Tokyo, Japan). The samples, measuring
5mm x 30 mm x 1 mm (width X length x thickness), were placed in liquid nitrogen
for 2 min and then fractured to obtain the cross-sectional surfaces. All the fractured sample
surfaces were vacuum-coated with a thin gold layer and observed at 15 kV. The morphology
was characterized based on the fracture surfaces of the samples.

2.11. Water Contact Angle

Water contact angle measurements were performed using a drop shape analyzer
(DSA30E, Kriiss Co., Ltd., Hamburg, Germany). The samples were prepared as sheets
measuring 20 x 20 X 1 mm (width x length X thickness) and fixed on a glass slide. Water
was dropped onto the surface of the sheets, and images were automatically recorded every
minute for 10 min. The water contact angle was then measured using image analysis after
droplet formation.

2.12. Chemical Structure Characterization by Fourier-Transform Infrared (FTIR) Spectroscopy

The chemical structure was characterized using FTIR spectroscopy (FT /IR-4700, Jasco
Corp., Tokyo, Japan). The samples were prepared as films. FTIR spectra were recorded
between 4000 and 400 cm~! with a resolution of 4 cm~! and 64 scans. The chemical
structure was identified by IR spectroscopy.
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2.13. Determine the Antistatic Properties of the Plasma Technology and Nano-Metal-Particles
(NMP) Sparking Method on Biodegradable Polymer Composite Films

The surface resistance of the biodegradable polymer composite films, improved by
two types of surface treatments (plasma technology and NMP sparking method), was
determined using an electrostatic field meter (ARS-H002ZA series, Korea DONG IL TECH-
NOLOGY Co., Ltd., Hwaseong-si, Gyeonggi-do, Korea). The surface static electricity of the
films was tested under conditions of 24 + 2 °C and 40 + 2% RH, at a distance of 25 mm.

2.14. Statistical Analysis

The results were analyzed using one-way analysis of variance (ANOVA) with SPSS
software (version 17, Armonk, NY, USA). Differences in tensile strength and water contact
angle were estimated using Duncan’s test, with significance set at p < 0.05.

3. Results and Discussion
3.1. Chemical Structure

Figure 1 presents the FTIR spectra of PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and
PBS/E1/PBAT/MgO at concentrations ranging from 0.5 to 15%. The chemical structures
of the blends were analyzed using FTIR spectroscopy. The epoxy exhibited characteristic
peaks at 914 and 1670 cm !, corresponding to the absorption of epoxy groups and the C=C
stretching bands of aromatic rings, respectively [37]. The peaks at 1455, 1508, and 1606 cm ™!
are attributed to the CH3 asymmetrical bending and the C-C stretching vibrations of the
aromatic rings [38]. The PBS peak at 918 cm~! corresponds to -C—-OH bending in the
carboxylic acid groups. The band at 1045 cm~! was attributed to the -O-C~C~ stretching
vibrations in PBS. Peaks in the range of 1153 cm ™! were linked to the stretching of the
—~C-O-C bonds in the ester linkages of PBS. The band at 1713 cm~! was associated with
the C=0 stretching vibrations of the ester groups, while the peaks at 1332 and 2944 cm ™!
were assigned to the symmetric and asymmetric deformational vibrations of the -CH,—
groups in the main PBS chains [39-41]. PBAT exhibits a peak at 726 cm ™!, associated
with the vibrations of the -CH;— groups adjacent to the methylene groups of the polymer
backbone. The peaks at 2955 cm ™! are attributed to the symmetric stretching vibrations
of the -CH- groups, while the peaks at 1249 and 1710 cm ! were linked to the stretching
of the C-O bonds from aliphatic groups and carbonyl groups (C=0) in the ester linkage,
respectively [42,43]. MgO displayed peaks at 409 and 666 cm ™!, indicating the vibration of
Mg-O in the MgO particles. The band at 1418 cm~! was due to C=C stretching vibrations,
while the peak at 3367 cm ! was assigned to the OH groups in the MgO particles [44,45].
The PBS/PBAT with 1% epoxy exhibited combined spectra of PBS, PBAT, and epoxy resin.
A peak intensity at 1249 cm~! (C-O stretching groups) decreased, indicating a change in
the C-O vibration due to the reaction between the carboxyl end groups of PBS and PBAT
with epoxy. A decrease in the peak intensity of the C-O vibration due to the epoxy resin has
been previously reported [46]. The PBS/E1/PBAT with 0.5-15% MgO exhibited combined
characteristics of PBS, PBAT, epoxy, and MgO spectra. In PBS/E1/PBAT/Mg00.5, two new
peaks at 1246 and 1249 cm~ 1 were observed, with a decrease in the peak at 1210 cm~ L. The
intensity of the peak at 1249 cm ! decreased, followed by a reduction in the 1246 cm ! peak
intensity with increasing MgO content. These two new peaks (1246 and 1249 cm~!) and
the reduction in peak intensity (1210, 1246, and 1249 cm_l) indicated the reaction between
the COOH groups of PBS and PBAT with the epoxy groups of epoxy, accelerated by the
MgO catalyst. Crosslinking within the PBS and PBAT phases and interfacial crosslinking of
PBS/PBAT was observed, which improved its properties.
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Figure 1. FTIR spectra of PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and PBS/E1/PBAT/MgO 0.5-15%.

3.2. Morphology

Figure 2 displays the SEM images of the fracture surfaces of PBS, PBAT, PBS/PBAT,
PBS/E1/PBAT, and PBS/E1/PBAT with 0.25-5% MgO blends. PBAT exhibited a smooth
fracture surface, while PBS showed a slightly rough fracture surface. The PBS/PBAT blend
exhibited increased roughness due to phase separation incompatibility between PBS and
PBAT. This phase separation results in non-uniform cross-sections in polymer blends [13].
Meanwhile, PBS/E1/PBAT demonstrated an increase in the smoothness of the fracture sur-
face and improved dispersion of epoxy around the materials because the epoxy enhanced
the compatibility of the PBS/PBAT blend. This compatibility was enhanced owing to
increased interfacial adhesion between the two phases [47]. Adding MgO at concentrations
of 0.5-5% in PBS/E1/PBAT blends resulted in increased roughness of the fracture surfaces
with the MgO content, due to the aggregation of MgO particles in the samples. Epoxy
of samples was indicated to form interactions with MgO, which induced agglomeration
of MgO. These aggregates can affect to mechanical properties as a big defect for polymer
matrix. Aggregation of metal nanoparticles has been previously reported [48]. However,
adding MgO at concentrations of 10 and 15% resulted in smoother surfaces due to the
well-dispersed MgO and smaller-sized particles, which improved the elongation at break
of the PBS/E1/PBAT/MgO 10 and 15% blends. As previously reported, the mechanical
properties of a polymer composite are enhanced by the dispersion and size of the particles
in the matrix [49]. Figure 2 also includes SEM-EDS images showing the dispersion of MgO
on the fracture surfaces of PBS/E1/PBAT with 0.5-15% MgO blends. In these SEM-EDS
images (Figure 3), the PBS/E1/PBAT with 0.5-5% MgO blends showed agglomeration of
large MgO particles within the matrix, which adversely affected the distribution of MgO
particles and decreased the mechanical properties of the blends. The addition of 10-15 wt.%
MgO demonstrated increased dispersion within the matrix, indicating an improvement in
the elongation at break of the blends. Big aggregates were indicated during the first state of
mixing, while aggregates crushing by high shear force induced fine MgO particle distribu-
tion in PBS/E1/PBAT/MgO 10 and 15% blends. Furthermore, the interaction between the
carboxylic groups and Mg?* ions increased the elongation at break. As previously reported,
enhanced dispersion of MgO and interaction of metal ions contribute to an increase in
elongation at break [50,51].
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Figure 2. Scanning electron micrographs of PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and
PBS/E1 /PBAT/MgO 0.5-15%.
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Figure 3. EDS mode of PBS/E1/PBAT/MgO 0.5-15%.

3.3. Mechanical Properties

The tensile properties of PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and PBS/E1/PBAT/MgO
at concentrations ranging from 0.5 to 15% are presented in Figure 4. The tensile strength
of PBS (25 MPa) was higher than that of PBAT (20 MPa). However, the elongation at
break of PBS (593%) was lower than that of PBAT (701%). The PBS/PBAT blend showed
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tensile strength and elongation at break of 19 MPa and 367%, respectively. The mechanical
properties of the PBS/PBAT blend decreased due to the phase separation between PBS and
PBAT, indicating the incompatibility of the polymer blend. Phase separation in polymer
blends leading to reduced tensile strength has been previously reported [52,53]. Upon
adding 1% epoxy to PBS/PBAT, the tensile strength increased to 25 MPa, and the elonga-
tion at break decreased to 358%, due to increased compatibility between PBS and PBAT
facilitated by the epoxy reaction. The functional groups of the polymer blends reacted
between the carboxyl end groups of PBS and PBAT and the epoxy groups. Improvement
in the tensile strength of polymer blends due to the reaction with epoxy groups has been
previously documented [54,55]. The addition of 0.5 to 15% MgO to PBS/E1/PBAT resulted
in reduced tensile strength compared to the PBS/E1/PBAT blend. PBS/E1/PBAT/MgO 0.5
exhibited the highest tensile strength (22 MPa), which was similar to low density polyethy-
lene (10-18 MPa) [56-58]. The addition of 0.5-5% MgO to PBS/E1/PBAT decreased the
tensile strength and elongation at break due to the presence of agglomerates and large
particles, which reduced compatibility and acted as defects in the PBS/E1/PBAT/MgO
blends. The agglomerated particles affected the interfacial adhesion and reduced the tensile
strength [59]. The addition of 5-15% MgO showed the decreasing tensile strength due to
the excessive amount of nanoparticles with low interfacial interaction between MgO and
polymers surface, which induced MgQO particle agglomeration as a big defect to limit the
polymer stress distribution [60]. However, the elongation at break of PBS/E1/PBAT/MgO
10-15% increased to 415.9% and 505.2%, respectively, because of better dispersion of MgO.
Furthermore, the high dispersion of MgO can be attributed to the high shear forces during
blending, which promotes effective particle dispersion. The interaction of the carboxylic
and hydroxyl groups with Mg?* ions and/or epoxy groups causes plasticization properties.
An increase in elongation at break due to the uniform dispersion of MgO and the interaction
of metal ions in the polymer matrix has been previously reported [50,51].

—PBS
——PBAT
PBS/PBAT
1 ‘l\ ——PBS/EV/PBAT
——PBS/El/PBAT/MgO 0.5
~——PBS/E1/PBAT/MgO 1
~——PBS/EV/PBAT/MgO 2
PBS/E1/PBAT/MgO 5
~—PBS/E1/PBAT/MgO 10
~——PBS/E1/PBAT/MgO 15

Maximum tensile strength (MPa)

100 200 300 400 500 600 700 80(

Elongation at break (%)

® Maximum tensile strength (MPa) Elongation at break (%)

Figure 4. Tensile properties of PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and PBS/E1/PBAT blends
with 0.5-15% MgO. Mean values of elongation at break (lowercase letters) and maximum tensile
strength (uppercase letters) differ significantly (p < 0.05).
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3.4. Differential Scanning Calorimetry (DSC)

DSC curves were utilized to determine the thermal properties of the PBS/E1/PBAT/MgO
blends. Figure 5 displays the second scans of the DSC curves for PBS, PBAT, PBS/PBAT,
PBS/E1/PBAT, and PBS/E1/PBAT/MgO15. PBAT exhibited a glass transition temperature
(Tg) of —28 °C and a melting temperature (Tmm) of 121 °C. The Ty, of PBS was recorded
at 87 °C, while its Tg was not observed during this measurement (Table 4). The glass
transition and melting temperatures of PBS and PBAT have been previously reported [9,61].
The Tr of PBS/PBAT, PBS/E1/PBAT, and PBS/E1/PBAT/MgO15 were recorded at 87, 87,
and 86 °C, respectively. The blends exhibited a decrease in Ty, compared to pure PBS. The
crystallinities of PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and PBS/E1/PBAT/MgO15 were
43%, 11%, 26%, 29%, and 19%, respectively. Crystallinities of PBS/PBAT, PBS/E1/PBAT,
and PBS/E1/PBAT/MgO15 were PBS crystal which were calculated from the melting peak
of PBS. However, recrystallization was not observed in any of the blends due to the high
content of existing crystals without nucleation sites to induce new crystallization.

PBS/E1/PBAT/MgO 15

PBS/E1/PBAT
1 r
<
é PBS/PBAT
g
= ' ! PBAT
g 1 I Sy o
= 1 T

PBS
-50 0 ‘ 150 200
Temperature (°C)

Figure 5. DSC curves of the second scan for PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and

PBS/E1/PBAT/MgO15.

Table 4. Second scan DSC results for PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and PBS/E1/PBAT/MgO
15.

Sample T, (°C) T (°C) Tm CC)  AHp (/g)  AH:(/g)  AXc (%)
PBS - - 87.5 47.1 - 428
PBAT 282 - 1215 12.9 - 113
PBS/PBAT - - 87.1 33.9 - 26.3
PBS/E1/PBAT - - 87.1 31.4 - 28.6
PBS/E1/PBAT/MgO15 - - 86.8 21.0 - 19.1

3.5. Thermogravimetric Analysis (TGA)

Figure 6 presents the TGA thermograms of PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and
PBS/E1/PBAT/MgO ranging from 0.5 to 15%. PBS, PBAT, PBS/PBAT, and PBS/E1/PBAT
exhibited one main weight-loss stage and a corresponding heat-flow peak. The primary
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thermal degradation temperatures for PBS and PBAT were approximately 400 and 413 °C,
respectively. This thermal degradation has been documented in previous studies [62,63].
The PBS/PBAT blend showed a weight-loss stage at around 400 °C, similar to pure PBS.
However, the weight-loss stage for PBS/E1/PBAT slightly increased to 410 °C, indicating
enhanced thermal stability due to the crosslinking of PBS, PBAT, and epoxy resin. The
degradation temperature of epoxy resin ranged between 400 and 600 °C, which contributes
to the increased degradation temperature of the blends by cross-linking [54,64]. In the TGA
thermogram of PBS/E1/PBAT/MgO 0.5-15%, the main step in weight loss occurred in
the range of 398-400 °C, which is associated with the depolymerization of the polymer
catalyzed by MgO. However, the addition of MgO at 2-15% introduced multiple-stage
weight loss, observed at two stages for PBS/E1/PBAT/MgO 2 and 5%. The first stage,
occurring between 310 and 320 °C, indicates the dehydroxylation of the surface of MgO
particles within the polymer composites. The dehydroxylation of MgO surfaces has been
previously been reported [44]. For PBS/E1/PBAT/MgO 10-15%, there were three stages:
the first at 310-320 °C, the second at 390-400 °C, and the third at 450-460 °C, the latter
being a heat transfer stage attributed to the thermal degradation of the MgO particles. The
degradation temperature of the MgO particles has been reported in earlier studies [65].
Additionally, the residue percentages at 600 °C for PBS/E1/PBAT/MgO 10-15% were
recorded at 19% and 23%, respectively. The increase in residue percentage could be
attributed to the presence of inorganic MgO particles and their high thermal stability.

100 A

80 4

= =——=PBS/E1/PBAT/MgO 15

~—=PBS/El/PBAT/MgO 10
] PBS/E1/PBAT/MgO 5
40 4 =—PBS/El/PBAT/MgO 2
1 =——PBS/EI/PBAT/MgO 1
—PBS/El/PBAT/MgO 0.5
——PBS/El/PBAT

P S Y VI 1

Weight loss (%)

20 -
PBS/PBAT
—PBAT
| —pBs
20 120 220 320 420 520

Temperature (°C)

Figure 6. TGA thermograms of PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and PBS/E1/PBAT/MgO
ranging from 0.5 to 15%.

3.6. Water Contact Angles

The water contact angle is commonly used to determine the hydrophilic and hydropho-
bic properties of surfaces. Typically, hydrophobic materials exhibit large water contact
angles. Figure 7 shows the water contact angles for PBS, PBAT, PBS/PBAT, PBS/E1/PBAT,
and PBS/E1/PBAT/MgO at 0.5-15%. The water droplet was absorbed onto the surface,
and the contact angle was automatically recorded every minute for 10 min. PBS exhibited a
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contact angle of 77.8° after 10 min, whereas PBAT exhibited a higher angle of 82.7°, reflect-
ing its more hydrophobic nature despite PBS generally being more hydrophilic [66]. The
contact angle for the PBS/PBAT blend was 80.7°, higher than that of pure PBS, indicating
that the hydrophobicity of PBAT enhanced the water resistance of the blends. Adding
epoxy 1% to PBS/PBAT increased the contact angle to 80.9°, suggesting improved compati-
bility of the blend, which has been linked to increasing water contact angles in previous
studies [67]. For the PBS/E1/PBAT blends with 0.5% and 1% MgO, the water contact angles
at 10 min increased to 83.0° and 85.7°, respectively. This increase indicates that the addition
of 1% MgO to the PBS/E1/PBAT blend increased the surface tension and hydrophobicity
due to the metal particles and the increased density of the composites [68,69]. However,
adding MgO at 2%, 5%, 10%, and 15% decreased the water contact angle at 10 min to 75.0°,
72.9°,65.8°, and 63.6°, respectively, owing to increase in roughness of the composite films’
surfaces and the hydrophilic nature of alkaline MgO [70]. The increasing MgO content
exhibited hygroscopic properties and reacts with water to form Mg(OH),, which reduced
hydrophobic nature of composites [71]. The decreasing water contact angle in polymer
blend with MgO content has also been reported [72-75].

140
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Figure 7. Water contact angles of PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and PBS/E1/PBAT/MgO
0.5-15% (a) plots of samples and (b) values at 10 min.

—
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3.7. Flame-Retardant Characterization

The flammability of the samples was evaluated using the UL94 standard Vertical
Burning test. The UL-94 ratings for PBS, PBAT, PBS/PBAT, and PBS/E 0.5-20/PBAT
samples are presented in Table 5. PBS, PBAT, PBS/PBAT, and PBS/E1/PBAT all exhibited
a V-2 flame retardancy rating, where flaming drips were observed after burning but did
not reach the holding clamp. The addition of 0.5% to 2% MgO to PBS/E1/PBAT extended
the burning times to over 30 s for T1, and 250 s for T1 + T2. Adding 5% and 15% MgO
continuously improved flammability, with T1 times of 12 s and T1 + T2 times of 128, 125,
and 122 s. Specifically, PBS/E1/PBAT/MgO 15 achieved a V-1 degree of flame retardancy,
indicating that the drips from the samples did not ignite the cotton batting below, which
reflects a significant improvement in flame retardancy of the biodegradable composite films
due to the addition of MgO, enhancing self-extinguishing properties after the removal of
the flame. V-1 rating classifications that indicate enhanced flame retardancy have been
documented in previous studies [72,76]. MgO acted as both a catalyst and a flame-retardant
agent, helping to form a crosslinked char that was firmly fixed on top of the composite,
subsequently restricting and extinguishing the flame [77].

Table 5. Anti-flame ability of PBS, PBAT, PBS/PBAT, PBS/E1/PBAT, and PBS/E1/PBAT blend with
MgO at 0.5-15%.

Samples Class UL 94 Ignition (Flaming Drip) Specimen Burns up to
(V0-V2) (Yes/No) Holding Clamp. (Yes/No)
PBS V-2 Yes No
PBAT V-2 Yes No
PBS/PBAT V-2 Yes No
PBS/E1/PBAT V-2 Yes No
PBS/E1/PBAT/MgO 0.5 - Yes No
PBS/E1/PBAT/MgO1 - Yes No
PBS/E1/PBAT/MgO 2 - Yes No
PBS/E1/PBAT/MgO 5 V-2 Yes No
PBS/E1/PBAT/MgO 10 V-2 Yes No
PBS/E1/PBAT/MgO 15 V-1 No No

3.8. Antistatic Properties of the Plasma Technology (Sputtering) and Nano-Metal-Particles (NMP)
Sparking Process Method for Coating on Biodegradable Polymer Composite Films

Figure 8 shows static electricity voltage of the coated biodegradable polymer composite
films using sparking process and plasma technology (sputtering). Plasma technology
involved DC magnetron sputtering at 100, 110, and 120 W for sputter-coating with Ti, Cu,
Zn, and Al nanoparticles. The uncoated (control) PBS/E1/PBAT/MgO15 film exhibited
a high voltage of 1.56 kV, indicating poor antistatic properties. The voltages of all coated
films decreased with each method applied. For the PBS/E1/PBAT/MgO15 films coated
using the sparking process, the surface voltages were measured at 0.364 kV (Ti-10 min),
0.864 kV (Ti-20 min), 1.32 kV (Ti-30 min), 0.79 kV (Ti-40 min), 0.948 kV (Cu-40 min),
and 0.83 kV (Al-40 min). Moreover, the surface voltages of PBS/E1/PBAT/MgO15 films
coated with plasma technology were significantly reduced to 0.05 kV (Cu-100 W), 0.062 kV
(Al-100 W), 0.036 kV (Zn-100 W), 0.05 kV (Zn-110 W), 0.05 kV (Ti-100 W), and 0.192 kV
(Ti-120W). The film’s antistatic properties are enhanced due to the conducting properties
of the metal particles and oxides coated on it. Conductive additives, typically used with
polymers, contribute to antistatic properties [78-81] by facilitating the movement of ions
on the substrate surface [82]. Films coated using plasma technology exhibited lower
voltage levels compared to those coated using the sparking process. Plasma sputtering
involves accelerating electrons under an electric field until they collide with the atoms of
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Static electricity voltage (kV)

(8

the target material, leading to the breakdown of these atoms into positive ions. These ions
are then accelerated towards the cathode, where they collide with the coating material
particles, causing deposition onto the substrate positioned near the anode. The plasma
process, resulting from the ionization of neutral gases [83-85], operates at the ion level,
which enhances the nanoparticle dispersion ability on the surface of the film. In contrast,
the sparking process produces metal nanoparticles by bombardment with electrons and
ions, leading to a less uniform nanoparticle distribution on the surface compared to the
plasma process [34]. Therefore, plasma technology is more effective in improving the
antistatic properties due to the finer particle distribution and higher uniformity of the metal
nanoparticles on the film surface.
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Figure 8. Effects of coating method on antistatic properties of the biodegradable polymer composite
films: (a) sparking process; (b) plasma technology (sputtering).

4. Conclusions

Antistatic and anti-flaming biodegradable polymer composite films were successfully
developed through the melt blending of PBS/PBAT and epoxy with MgO. FTIR analysis
confirmed the reaction between the -COOH groups of PBS and PBAT and the epoxy
groups. The PBS/E1/PBAT/MgO 15 blends exhibited a fine MgQO particle distribution
within the PBS/E1/PBAT matrix. The tensile strength of PBS/E1/PBAT was increased to
25.3 MPa, while the elongation at break of PBS/E1/PBAT/MgO 15 was raised to 505.2%
compared to PBS/PBAT. This improvement in properties was due to the reaction of the
epoxy in the PBS/E1/PBAT blends. The addition of MgO to the PBS/E1/PBAT blends
enhanced their thermal decomposition behavior and water resistance, attributable to the
high thermal stability and hydrophobicity of the metal particles. MgO acted as a catalyst
for the -COOH and epoxy to accelerate reactions. The flame-retardant characteristics of
the PBS/E1/PBAT/MgO 15 blends improved to a V-1 degree of flame retardancy. MgO
served as a flame retardant, enhancing the strength of the residual char from the crosslinked
matrix. The antistatic properties of the films were improved using both plasma technology
and sparking methods. The antistatic effect of the plasma sputtering process proved
superior to that of the sparking process because the sputtering method enhanced the
uniform dispersion of metal nanoparticles on the film'’s surface. Anti-flaming and antistatic
biodegradable polymer composites of PBS/E1/PBAT/MgO with enhanced properties hold
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potential for use in packaging, electronics, and automotive applications. It can be used as
an environmentally friendly insulation or electrical circuit board packaging application.
These polymer composites can replace petroleum polymer insulators and electronic devices
packaging film.
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