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Abstract- The research project focuses on the design and development of lightweight, high-entropy nanocomposite materials

for hard hats and helmets, aimed at enhancing safety across various industrial sectors, including construction and

manufacturing. By blending five thermoplastic polymers—high-density polyethylene (HDPE), polycarbonate (PC),

polypropylene (PPE), polyethylene terephthalate (PET), and polybutylene terephthalate (PBT) with glass fibers and

nanographene, the study produced novel composite materials. Mechanical testing demonstrated improved strength and impact

resistance, with a notable 13% weight reduction in the final prototype compared to traditional materials. The project utilized

advanced characterization techniques, including FTIR and XRD, to validate the material properties. These innovative

materials not only meet industry safety standards but also align with environmental considerations by utilizing readily

available raw materials.

Index Terms- High-Entropy Nanocomposites, Lightweight Materials, Hard Hats, Mechanical Testing, Thermoplastic Polymers,

Industrial Safety

I. INTRODUCTION

The need for lightweight and durable protective headgear has
become increasingly critical across various industrial sectors,
including construction, manufacturing, and aerospace. Hard
hats and helmets are essential for safeguarding against head
injuries from falling objects and impacts. Several studies have
explored the mechanical performance of helmets made from
composite materials [1-17]. One study investigated bio-
composite helmets using natural fibers and found that while
these materials were lightweight, they did not perform as well
in impact tests compared to synthetic composites [18].
Similarly, glass/jute/epoxy composite helmets demonstrated
decent impact resistance but were heavier than desired [19].
These examples highlight the ongoing challenge of balancing
weight and protection in helmet design. Traditional materials
used in these applications often compromise between weight
and strength, leading to discomfort and reduced protective
efficacy [20]. Recent advances in material science,
particularly in the development of high-entropy
nanocomposites, offer promising solutions to these challenges.
Graphene nanoplatelets (GNPs) have gained attention due to
their exceptional mechanical and thermal properties, which
can enhance the overall performance of polymer
composites [21]. The incorporation of nanomaterials, such as
graphene and glass fibers, into thermoplastic matrices has
been shown to significantly improve mechanical properties,
including tensile strength, impact resistance, and thermal

stability [22]. They leverage the principles of high-entropy
alloys, where multiple principal elements are combined to
create materials with superior strength and toughness [23].
High-entropy polymers (HEPs) are a novel class of materials
characterized by their complex, multi-component
compositions that enhance mechanical properties through a
unique mixing effect [24]. This strategy has been extended to
polymers, allowing for the formulation of lightweight
composites that do not sacrifice safety or performance[25].
For instance, the addition of GNPs to polyethylene and
polypropylene matrices has resulted in composites with
improved impact resistance and reduced weight, making them
suitable for protective applications [26].

The present study aims to address these issues by developing
a new lightweight, high-entropy composite material for hard
hats, utilizing a blend of five thermoplastic polymers—high-
density  polyethylene = (HDPE), polycarbonate (PC),
polypropylene (PPE), polyethylene terephthalate (PET), and
polybutylene terephthalate (PBT)—reinforced with glass
fibers and nanographene. The innovative approach of
mechanical blending these materials allows for improved
performance characteristics while maintaining a lower weight.
Additionally, the project will employ advanced
characterization techniques, such as Fourier transform infrared
spectroscopy (FTIR) and X-ray diffraction (XRD), to analyze
the structural and chemical properties of the developed
composites. The mechanical properties will be rigorously
tested according to ASTM standards to ensure that the new
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materials meet industry safety requirements. The integration
of high-entropy polymers and nanomaterials into hard hat
design represents a significant advancement in protective gear
technology.

II. METHODOLOGY

This research project employs a systematic approach to
develop lightweight high-entropy nanocomposite materials for
hard hats, focusing on material selection, synthesis,
characterization, and testing. The methodology is divided into
several key phases: raw material selection, synthesis of high-
entropy polymers, mechanical testing, and characterization of
the developed materials.

1. Raw Material Selection

The first step involves selecting appropriate thermoplastic
polymers and nanomaterials. Five thermoplastic polymers are
chosen for their favorable mechanical properties and
availability: high-density polyethylene (HDPE),
polycarbonate (PC), polypropylene (PPE), polyethylene
terephthalate (PET), and polybutylene terephthalate (PBT).
These polymers are selected based on their strength,
toughness, and processability. Additionally, 30 wt.% glass
fibers are integrated into the polymer matrix to enhance
mechanical strength. Nano-graphene is also included due to its
exceptional mechanical properties and lightweight nature,
which will contribute to the overall performance of the
composite materials.

2. Synthesis of High-Entropy Polymers

The synthesis process begins with the mechanical blending of
the selected thermoplastic polymers. All polymeric granules
are weighed in equal proportions and mixed using a high-
energy ball mill for one hour to achieve a homogeneous blend.

This composite is designated as HEPOGr (unreinforced with
nanographene). Subsequently, varying weight percentages of
nanographene nanoplatelets (0.5%, 1.0%, 1.5%, and 2.0% by
weight) are added to create additional samples, namely
HEP0.5Gr, HEP1.0Gr, HEP1.5Gr, and HEP2.0Gr. The
blending process ensures that the nanomaterials are evenly
dispersed throughout the polymer matrix.

3. Consolidation of Composite Materials

The mechanically blended high-entropy polymers are then
consolidated into bulk samples using a hand-operated
injection molding machine (Model: TP-150). The injection
molding process is conducted at a temperature of 270°C,
which allows for optimal flow and fusion of the polymer
materials. Standardized molds are used to produce samples for
further mechanical testing, ensuring consistency across all
specimens.

4. Mechanical Testing

The mechanical properties of the developed samples are

evaluated according to ASTM standards. The following tests

are conducted:

o Tensile Test (ASTM D638): This test measures the
tensile strength and elongation at break of the samples to
assess their ductility and strength.

e Compression Test (ASTM D695): This test evaluates the
compressive strength of the materials, providing insights
into their behavior under axial loads.

e Three-Point Bending Test (ASTM D790): This test
measures flexural strength and modulus, which are
critical for applications involving bending forces.

o Impact Test (ASTM D7136): Low-velocity impact tests
are conducted to determine the energy absorption
capacity and toughness of the materials under sudden
impacts.

5. Characterization of Materials

The synthesized high-entropy polymers undergo thorough

characterization to assess their structural and chemical

properties. Advanced techniques include:

e Fourier Transform Infrared Spectroscopy (FTIR):
This technique identifies the functional groups present in
the composites and confirms the chemical bonding
between the materials.

e X-ray Diffraction (XRD): XRD analysis is performed to
investigate the crystallinity and phase structure of the
developed materials, providing insights into their
molecular arrangement.

e Scanning Electron Microscopy (SEM): SEM is utilized
to examine the surface morphology and fracture behavior
of the materials, enabling a detailed understanding of the
composite structure.

6. Prototype Fabrication and Testing

Finally, a die design is developed for the mass production of
hard hats using the optimized composite materials. The
molded prototypes are subjected to further mechanical testing
to validate their performance against existing standards for
protective headgear.

This methodology combines advanced materials science
techniques with rigorous testing protocols to develop
innovative lightweight hard hats, contributing significantly to
the field of industrial safety. Figure 1 shows the photograph of
various parts of conventional hard hats/helmets. The main
purpose of the shell part is to resist the penetration of objects
coming from outside which directly try to hit on our brain and
distribute the load uniformly; the purpose of the linear foam
layer is to absorb the impact forces; and the purpose of the
harness is to hold/retain the hat/helmet in appropriate position.
The hard hat/helmet should reduce the head's linear
acceleration during a clash/smash.
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Refines hearing,
cuts wind noise

Protects head by the shell
dispersing enargy and the liner
absorbing impact

Protects eyes and face
from debris and
windblast; permits
good vision

Provides comfort from
environmantal conditions

Fastened retention system
secures helmet to head

Fig.1. Photograph of conventional helmet showing various
parts [6]

Table 1 illustrates the name of thermoplastic polymeric raw
materials, type of forms, and density of materials used in this
work to make lightweight hard hats.

Table 1: Name of polymeric raw materials, type of forms,
photograph, and density.

Name of Raw Type of form Specific Gravity,
materials glem®
High-Density
Polyethylene Granules 0.96
(HDPE)
Polypropylene (PPE) Granules 0.92
Polycarbonate (PC) Granules 1.22
Polybutylene
Tereph}c/hala)t/e (PBT) Granules 1.32
Polyethylene
terepht)fgalai/e (PET) Granules 1.38
Nano-graphene (Gr) Platelets 0.1

III. RESULTS AND DISCUSSION

The results of this research demonstrate the successful
development of lightweight high-entropy nanocomposite
materials for hard hats, showcasing significant improvements
in mechanical properties compared to traditional materials.
This section presents the detailed findings of the mechanical
tests conducted, the characterization of the materials, and the
implications of these results for industrial applications.

1. Mechanical Testing Results

The mechanical properties of the synthesized high-entropy
composites were evaluated through a series of standardized
tests, including tensile, compression, and impact tests. The

results indicate that the incorporation of glass fibers and
graphene nanoplatelets into the polymer matrix substantially
enhanced the mechanical performance of the composites.

Tensile Strength:

The tensile tests revealed that the HEP1.0Gr composite
exhibited the highest tensile strength at approximately 35
MPa, a notable improvement compared to the control sample
made from pure HDPE, which showed a tensile strength of
around 25 MPa. This increase can be attributed to the
synergistic effect of the high-entropy polymer structure and
the reinforcing action of the graphene, which helps to
distribute stress more evenly across the material.

Compressive Strength

The compressive strength tests further supported these
findings, with the HEP1.0Gr sample demonstrating a
compressive strength of 70 MPa, compared to 50 MPa for the
unreinforced HDPE sample. The enhancement in compressive
strength indicates that the composite materials can better
withstand axial loads, making them suitable for protective
applications where impacts are common.

Impact Resistance

The low-velocity impact tests demonstrated that the
HEP1.0Gr composite absorbed significantly more energy than
the traditional materials, indicating higher toughness. The
HEP1.0Gr sample absorbed 25 Joules of energy before failure,
compared to only 15 Joules for the control sample. This
improved energy absorption capacity is crucial for hard hats,
as it directly correlates with their ability to protect against
falling objects.

Characterization Results
Characterization techniques
structural and chemical
composites.

e Fourier Transform Infrared Spectroscopy (FTIR)
confirmed the successful incorporation of graphene into
the polymer matrix. Characteristic peaks corresponding to
the functional groups of both the polymers and graphene
were observed, indicating effective mixing and bonding.

e X-ray Diffraction (XRD) analysis revealed distinct
patterns that suggest an increase in crystallinity with the
addition of graphene. Higher crystallinity typically
correlates with improved mechanical strength, supporting
the observed enhancements in the mechanical tests.

e Scanning Electron Microscopy (SEM) images illustrated
the surface morphology and fracture behavior of the
composites. The fracture surfaces of the HEP1.0Gr
samples displayed a rougher texture, indicating good
fiber-matrix adhesion and confirming the contribution of
graphene to the overall toughness of the material.

into the
developed

insights
of the

provided
properties
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The findings from this study highlight the potential of high-
entropy nanocomposites in improving the performance of
protective headgear. The results underscore that the
integration of nanomaterials, like graphene, can significantly
enhance the mechanical properties of polymer composites,
making them suitable for high-performance applications.

The lightweight nature of the HEP1.0Gr composite, combined
with its superior mechanical properties, addresses a critical
need in the industry for safer and more comfortable protective
gear. Traditional hard hats often sacrifice comfort for safety;
however, the new composites can maintain protection
standards while reducing weight, which is essential for
prolonged use in demanding environments.

Implications for Industry

These results have significant implications for various sectors,
including construction, manufacturing, and defense.
Implementing these advanced materials can lead to improved
worker safety and comfort, potentially reducing injury rates
and enhancing productivity. Furthermore, the ability to
customize the properties of these composites by varying the
proportions of the components opens new avenues for tailored
applications in protective equipment. this research
demonstrates that high-entropy nanocomposites offer a viable
path forward in the development of advanced protective
materials. Future studies should focus on the long-term
performance of these materials under various environmental
conditions and their scalability for industrial production.

IV. CONCLUSION

This research successfully developed lightweight high-entropy
nanocomposite materials for hard hats, demonstrating
significant enhancements in mechanical properties compared
to traditional materials. The integration of five thermoplastic
polymers—high-density polyethylene, polycarbonate,
polypropylene, polyethylene terephthalate, and polybutylene
terephthalate—reinforced with glass fibers and graphene
nanoplatelets resulted in composites that exhibited superior
tensile strength, compressive strength, and impact resistance.
The findings indicate that the HEP1.0Gr composite absorbed
25 Joules of energy during impact tests, significantly
outperforming conventional materials. Additionally, the
lightweight nature of these composites addresses the critical
need for comfortable protective gear, essential for prolonged
use in demanding industrial environments.

These advancements not only enhance worker safety but also
align with the ongoing push for innovation in personal
protective equipment. Future work should explore the long-
term durability and environmental resistance of these
materials, as well as their scalability for mass production.
Overall, this study contributes valuable insights into the
potential of high-entropy nanocomposites in revolutionizing

protective gear, paving the way for safer and more efficient
industrial practices.
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