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Graphene oxide (GO) was synthesized from commercial graphite using a modified
Hummers method and subsequently reduced with Zn powder to obtain reduced graphene
oxide (rGO). The rGO was incorporated into a polyurethane matrix to fabricate
lightweight, ballistic-resistant composites. Structural characterization by Fourier
Transform Infrared (FTIR), X-Ray Diffraction (XRD), and Scanning Electron
Microscopy—Energy-Dispersive X-ray Spectroscopy (SEM-EDX) confirmed the
successful reduction of GO, evidenced by the restoration of aromatic C=C bonding, a
decrease in interlayer spacing, and sheet-like morphology. Mechanical testing revealed
that increasing graphene content significantly enhanced the compressive and tensile
strength of the composites. Ballistic testing using a 0.22-caliber firearm demonstrated
that polyurethane composites containing > 1.0 wt% rGO effectively resisted projectile
penetration, whereas neat polyurethane and composites with lower graphene content
were fully penetrated. These results demonstrate that graphite-derived graphene can
substantially improve the mechanical integrity and ballistic resistance of polyurethane
composites, highlighting its potential as a candidate material for lightweight personal

protection systems.

1. INTRODUCTION

Graphene is a two-dimensional material composed of
carbon atoms arranged in a hexagonal lattice [1]. The two-
dimensional structure and covalent bonding of graphene
endow it with excellent electrical, thermal, and mechanical
properties [2]. Strong covalent C—C bonds make graphene
difficult to deform, giving it a Young’s modulus of up to 1.1
TPa [3]. Graphene can exhibit a tensile strength up to ~100
times that of steel [4]. Graphene is lightweight due to its
atomically thin structure. It can be produced from graphite via
exfoliation/chemical routes [5].

Graphite exhibits several properties: it is black, electrically
conductive, heat-resistant, soft, slippery, and insoluble in
water and organic solvents [6]. Graphite consists of
hexagonally arranged carbon atoms, analogous to fused
benzene rings without hydrogen atoms [7]. Graphite is widely
produced and sold commercially at relatively low prices.
Commercial graphite is abundant, yet its high-value utilization
remains limited [8].

Although graphite is inexpensive and abundant, it does not
readily exfoliate into single-layer graphene sheets [9].

In ballistic protection applications, materials are required
not only to exhibit high strength but also to effectively absorb
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and dissipate the kinetic energy generated by high-velocity
impacts. Graphene has emerged as a promising reinforcing
material for ballistic composites owing to its exceptional
elastic modulus, high aspect ratio, and two-dimensional
layered structure. Under impact loading, graphene can
enhance energy absorption through several mechanisms,
including crack deflection and suppression of crack
propagation, lamellar exfoliation or interlayer sliding between
graphene sheets, and efficient stress transfer from the polymer
matrix to the graphene layers. These mechanisms promote
stress redistribution, reduce localized stress concentration, and
facilitate large-area plastic deformation of the matrix, thereby
improving impact and penetration resistance in graphene-
reinforced polymer composites.

In ballistic impact conditions, effective protective materials
must dissipate high kinetic energy through mechanisms such
as crack deflection, interfacial debonding, stress transfer, and
plastic deformation of the matrix. Graphene has been reported
to enhance energy absorption through its exceptional stiffness,
high aspect ratio, and layered structure, enabling load transfer
and crack-arrest mechanisms within polymer matrices.
However, most previous studies have focused on graphene
derived from high-purity graphite or chemical vapor
deposition routes, while systematic investigations on graphene
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synthesized from commercially available graphite and its
application in ballistic polyurethane composites remain
limited.

The synthesis method of graphite into graphene is carried
out by a chemical process known as the Hummers method
[10]. This process oxidizes graphite to graphene oxide (GO),
which can then be exfoliated and reduced to yield graphene-
based powders. The modified Hummers method is practical
and scalable for producing GO, which can be subsequently
reduced to rGO [11]. Graphite powder is first oxidized to
graphite oxide, which is then exfoliated to produce GO [12].
The GO obtained via the process of exfoliating graphite oxide
layers was carried out by sonication [13]. The resulting GO is
then chemically reduced to remove oxygen-containing
functional groups, yielding reduced graphene oxide (rGO)
with a more graphitic structure [14].

Research on the synthesis of graphene from commercial
graphite so far is still lacking. Commercial graphite is widely
available and could serve as a low-cost precursor for graphene-
based reinforcements in lightweight structural composites.

Therefore, this study aims to synthesize graphene from
commercial graphite using a chemical exfoliation—reduction
route, systematically characterize the structural evolution from
graphite to graphene, and evaluate the effect of graphene
content on the mechanical and ballistic performance of
graphene—polyurethane composite materials.

2. MATERIALS AND METHODS

Materials used in this research included commercial
graphite, polyurethane resin, sodium nitrate (NaNOs3) p.a,
sulfuric acid (H2SOs) 98% p.a, potassium permanganate
(KMnO4) p.a, hydrogen peroxide (H.0:) 30% p.a, barium
sulfate (BaSQs) p.a, barium chloride (BaCl,) p.a, hydrochloric
acid (HCI) 35% p.a, Zn powder, ice pack, filter paper, and
distilled water. Instruments used in this research were a
Scanning Electron Microscope (SEM), X-Ray Diffraction
(XRD), Fourier Transform Infrared (FTIR), a series of
refrigeration equipment, ovens, magnetic stirrers, an analytical
balance, ultrasonic, centrifuge, and standard laboratory
glassware.

2.1 Synthesis of graphite oxides

Commercial graphite was mixed with 80 mL of 98% H,SO4
and 4 g of NaNOs, and stirred magnetically for 4 h while
maintaining the temperature below 20 °C. After stirring for 2
hours, 8 g KMnO4 was added gradually and continued stirring
for 4 hours, until the mixture changes color from dark green to
purplish to dark brown, accompanied by the release of NOx
gas. After 4 hours, continue stirring for another 24 hours at
35 °C to ensure complete oxidation. Next, 200 mL of distilled
water was added slowly, followed by stirring for 1 h. Distilled
water was added slowly under cooling, followed by H:O:
addition to quench residual permanganate until the slurry
turned bright yellow. The resulting suspension was
centrifuged and washing was continued until no sulfate ions
were detected in the supernatant using BaCl> solution (no
BaSO. precipitate). The graphite oxide product was then dried
at 110 °C for 12 h [15].

The synthesis of graphite oxide yielded approximately
76.52% relative to the initial graphite mass, indicating
efficient oxidation under the modified Hummers method.
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2.2 Synthesis of reduced graphene oxide

As much as 40 mg graphite oxide dispersed in distilled
water with a concentration of 1 mg/mL, it is sonicated for 120
minutes to obtain GO [15]. The conversion of graphite oxide
to GO resulted in a yield of approximately 73.47%, suggesting
minimal material loss during purification and washing
processes.

As much as 40 mg GO is reduced by adding 2.4 g Zn and
10 mL HCI 35% and stirring for one hour. Next, 10 ml of 35%
HCI was added to reduce the remaining Zn. The reduced
graphene was then neutralized to a pH by washing with
distilled water several times and was heated in the furnace at
200 °C for 12 hours [15]. The chemical reduction process
produced graphene with an overall yield of approximately
55.57%, calculated based on the mass of dried graphene
relative to the starting GO. The gradual decrease in yield from
oxidation to reduction stages is attributed to the removal of
oxygen-containing functional groups and elimination of
residual impurities during successive purification steps.

2.3 Preparation of graphene—polyurethane composites

Graphene with varying concentrations of 0.25%; 0.5%;
0.75%; 1% and 1.5% of the weight of polyurethane was
dispersed into Shore D polyurethane resin, which is a
polyurethane resin that has the highest strength and hardness
level, then homogenized with an ultrasonic tip. Ultrasonic
dispersion was performed using a probe-type ultrasonic
homogenizer operated at a frequency of 20 kHz. The stirring
and homogenization process was carried out for varying times
of 2 hours, 3 hours, and 4 hours, then a resin hardener was
added with a ratio of 1:1. Stirred with a metal stirrer until
mixed homogeneously, then inserted into the mold until
hardened. The graphene-polyurethane composite layer was
then tested for its potential as a bulletproof vest material.

2.4 Characterization by Fourier Transform Infrared

This characterization used FTIR with a wavenumber range
of 400-4000 cm!' with a KBr pellet, the baseline method [16].

2.5 Characterization with X-Ray Diffraction

XRD testing was carried out with a variety of 5-80° with an
interval of 0.02°/step and Cu Ka radiation (A= 1.5406 A) [17].

2.6 Characterization with Scanning Electron Microscope-
Energy Dispersive X-Ray

The Scanning Electron Microscope-Energy Dispersive X-
Ray (SEM-EDX) test was carried out to determine the surface
morphology and content of the elements in the sample, using
SEM-EDX machines with a voltage of 20 kV [18].

2.7 Compressive strength evaluations

Compressive tests were conducted at a constant crosshead
speed of 1.3 mm/min in accordance with ASTM D695 to
evaluate the compressive strength of the graphene—
polyurethane composites.

A compressive strength test is a test that aims to determine
the strength of a material, so that an overview of the
mechanical properties of a material is known. Graphene—



polyurethane composites that have been in the form of slabs
with a length of 60 mm, a width of 60 mm, and a thickness of
17 mm were tested using UTM/Compression Fixture,
Specimen Dimensions Conform to D695 with various
variations in graphene and polyurethane concentrations
without the addition of graphene [19].

2.8 Tensile strength evaluations

Tensile tests were performed using a Universal Testing
Machine (UTM) at a loading rate of 5 mm/min following
ASTM D638 to determine the tensile properties of the
graphene—polyurethane composites.

Tensile strength evaluations are a test of materials to
determine the characteristics and mechanical properties of
materials, especially strength and resistance to tensile loads.
Graphene—polyurethane composite material is formed with a
length of 165 mm, a width of 20 mm, and a thickness of 16
mm. Furthermore, tests were carried out with a UTM on
graphene—polyurethane composites with various variations in
graphene and polyurethane concentrations without the
addition of graphene [19].

2.9 Ballistic testing

Ballistic testing was conducted based on the NIJ Standard-
0101.06 protocol using a modified experimental setup with a
firing distance of 5 m. The projectile used in this study was a
0.22-caliber round-nose lead bullet with a measured mass of
2.6 g. The initial velocity of the projectile was approximately
370 m/s, based on firearm specifications for the ammunition
used. Based on these values, the corresponding kinetic energy
of the projectile was calculated using E = /2 mv?, yielding an
impact energy of approximately 178 J. The ballistic tests were
performed using a Walther 0.22-caliber pistol at the “Tunggal
Panaluan” shooting range of the South Sulawesi Police
Brimob Unit [20]. Ballistic tests were carried out on
polyurethane without the addition of graphene and on
graphene-polyurethane composites that had been varied. The
concentration of graphene addition was 0.25%; 0.5%; 0.75%;
1%; and 1.5%, so that data was obtained to withstand bullet
projectile fire.

3. RESULTS AND DISCUSSION
3.1 Characterization with Fourier Transform Infrared

Testing with FTIR was carried out to determine the
functional groups formed during the synthesis process, with a
wavelength range of 400-4000 cm™' by the baseline method.
The FTIR spectrum results of the sample are shown in Figure
1.

Figure 1 shows the absorption at a wavenumber of 1600 cm
!, showing the presence of aromatic C=C bonds, which is an
indication of the formation of graphene [21]. The FTIR
spectrum of graphite shows minimal absorption features,
reflecting its highly ordered sp? carbon structure with the
absence of oxygen-containing functional groups. After
oxidation, several new absorption bands appear, indicating the
successful introduction of oxygen functionalities into the
carbon framework. The broad band observed around 3400
cm ! corresponds to O—H stretching vibrations, suggesting the
presence of hydroxyl groups and adsorbed water molecules.
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The strong absorption at approximately 1720 cm™ is assigned
to C=0 stretching vibrations, while the band near 1050-1250
cm™! corresponds to C—O stretching vibrations. These features
confirm the effective oxidation of graphite into graphite oxide
and GO.

Transmitance (a.u.)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

500

Figure 1. Comparison of FTIR spectrum results on graphite,
graphite oxide, graphene oxide (GO), and graphene samples

Following the reduction process (Figure 1), a pronounced
decrease in the intensity of oxygen-related absorption bands is
observed. The O-H stretching band around 3400 cm™
becomes significantly weaker, indicating the removal of
hydroxyl groups and interlayer water molecules. Similarly, the
marked attenuation of the C=0O and C-O absorption bands
demonstrates the successful reduction and elimination of
oxygen-containing functional groups. Concurrently, the
absorption band around 1600 cm™, associated with aromatic
C=C stretching vibrations, becomes more prominent,
suggesting the partial restoration of the conjugated sp? carbon
network.

The reduction of oxygen-containing functional groups has
important structural and interfacial implications. The removal
of polar groups leads to a more compact and hydrophobic
carbon structure, which facilitates closer contact between
graphene layers and enhances n—n interactions. In composite
systems, these changes are expected to improve interfacial
bonding between reduced graphene and the matrix, thereby
contributing to enhanced mechanical integrity and functional
performance. Overall, the FTIR results confirm the success of
the reduction process and provide chemical evidence
supporting the structural reorganization of graphene.

3.2 Characterization with X-Ray Diffraction

They are testing using XRD aimed at determining the
crystal phase of graphite, graphite oxide, GO, and graphene.
The analysis was conducted with an angle range of 26 between
5-80° and a wavelength of 1.5 A. Graphite and graphite oxide
have a 20 band at around 26°, while GO and graphene have a
20 band around 23° [22].

XRD analysis was conducted to examine the structural
changes of graphite (a), graphite oxide (b), GO (c), and
reduced graphene (d), as shown in Figure 2. Pristine graphite
exhibits a sharp diffraction peak at 26 =~25.21°, corresponding
to the (002) plane, indicating a well-ordered graphitic
structure. After oxidation, this peak shifts to lower angles (20



~ 24.84°), reflecting an increase in interlayer spacing due to
the introduction of oxygen-containing functional groups.
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Figure 2. Comparison of X-Ray Diffraction (XRD) spectrum
results on graphite, graphite oxide, graphene oxide (GO), and
graphene samples

GO shows a characteristic low-angle diffraction peak at 26
~ 9.44°, corresponding to the (001) plane, which indicates a
significant expansion of interlayer spacing caused by
extensive oxidation and intercalation of oxygen groups and
water molecules. Following reduction, the disappearance of
this low-angle peak and the appearance of a broad peak at 26
~ 23.71° confirm the effective removal of oxygen-containing
groups and the contraction of interlayer spacing. This shift
suggests partial restoration of the sp? carbon structure with a
more disordered stacking arrangement.

The contraction of interlayer spacing observed in XRD is
consistent with the reduction of oxygen-containing functional
groups identified by FTIR analysis. These structural changes
enhance layer-to-layer contact and are expected to improve
interfacial bonding in composite materials, confirming the
success of the reduction process.

The difference between the amorphous and crystalline
phases can be seen from the diffractogram form on XRD. The
diffractogram pattern, which tends to widen, shows the
amorphous phase, while the sharply shaped diffractogram
pattern shows the crystalline phase [23]. Based on the
diffractogram in Figure 2, the graphene obtained has an
amorphous phase.

3.3 Characterization with Scanning Electron Microscope-
Energy Dispersive X-Ray

The SEM-EDX 1is used to determine the surface
morphological structure and elemental content of the samples
tested. The morphology of graphene is in the form of thin
sheets, analyzed by using SEM-EDX [21]. The surface
morphology of graphite, graphite oxide, GO, and graphene is
shown in Figure 3 using SEM-EDX.

Based on Figure 3, the surface morphology structure of the
graph looks like rough chunks. Furthermore, the
morphological structure of graphite oxide is in the form of
smaller fragments. In GO, the presence is in the form of coarse
and folded sheets, while in graphene, the presence is of larger
sheets. Graphene appears to consist of one layer and is
hexagonal. Testing the element content in the sample can be
done using SEM-EDX [24]. The results of the comparison
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prove the element content against graphite, graphite oxide,
GO, and graphene, as shown in Table 1.

Figure 3. Results of surface morphology test with Scanning
Electron Microscope-Energy Dispersive X-Ray (SEM-EDX)
(a) graphite, (b) graphite oxide, (c) graphene oxide (GO), and

(d) graphene

Table 1. Comparison of element contents tested using SEM-
EDX on graphite, graphite oxide, graphene oxide (GO), and
graphene samples

Graphite  Graphene

Element Graphite Oxide Oxide Graphene
Carbon 92.29 62.23 66.24 69.61
Nitrogen 3.07 - - -
Oxygen 2.08 36.86 33.18 28.09
Aluminum 0.15 0.22 0.04 0.27
Silicon 0.15 0.09 - 0.47
Sulphur 1.31 0.42 0.27 0.21
Iron 0.24 - - -
Potassium - 0.19 0.27 0.12
Zinc - - - 1.24

Based on Table 1, graphite has elements in the form of
aluminum, silicon, sulfur, and iron, which can affect the
synthesis process into graphene. Table 1 shows that Zn is still
found in graphene samples, this showed that the reduction
process was still not perfect. Although residual Zn is detected
by EDX analysis, its low intensity and homogeneous
distribution suggest that it does not significantly alter the
composite microstructure. No evidence of Zn-rich
agglomeration or secondary brittle phases is observed in the
SEM images. Nevertheless, excessive Zn content could
potentially lead to embrittlement, and therefore, controlled Zn
loading remains an important consideration for optimizing
composite performance.

3.4 Compressive strength testing with hammers test

The compressive strength test is a test that aims to determine
the hardness of a material, so that the description of the
mechanical properties of a material is known. This test is based
on the emphasis of a certain compressive force on the material
[19]. Strankowski et al. [25] reported that the addition of a
concentration of 0.5% GO can increase the mechanical
strength of polyurethane by 17%. The test was carried out by
making variations in graphene concentrations. In polyurethane
(without graphene) and the addition of graphene with a
concentration of 0.25%; 0.5%; 0.75%; 1%; and 1.5%. This
was conducted to determine the effect of graphene
concentration on the strength of graphene-polyurethane



composites.

The results show that the higher the concentration of
graphene in the graphene-polyurethane composite material,
the higher the hardness level of the graphene-polyurethane
composite. The research data can be seen in Figure 4.
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Figure 4. Graphene concentration effect on compressive
strength

3.5 Tensile strength test with Universal Testing Machine

The tensile strength test is a test of materials to determine
the characteristics and mechanical properties of materials,
especially strength and resistance to tensile loads [20]. To test
the tensile strength, graphene-polyurethane composite
materials were made several variations based on the
concentration level of the composited graphene which was
0.25%; 0.5%; 0.75%; 1%; 1.5%; and in polyurethane without
graphene as a control. This aims to determine the effect of
graphene concentration level on the strength and resistance of
graphene-polyurethane composite materials to tensile loads.
The results of the study show that the higher the concentration
of graphene composited in graphene—polyurethane, the
strength and durability also increase. The research data can be
seen in Figure 5.
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Figure 5. The effect of graphene concentrations on tensile
strength

The improvement in composite performance with
increasing graphene content, as shown in Figures 4 and 5, can
be explained by composite reinforcement mechanisms rather
than a simple “higher is better” trend. At low graphene
loadings, graphene sheets are well dispersed within the matrix,
enabling effective stress transfer from the matrix to the high-

modulus graphene through strong interfacial interactions. This
load transfer mechanism allows graphene to act as an efficient
reinforcing phase, resulting in enhanced mechanical
performance.

In addition to load transfer, graphene contributes to crack
propagation resistance by acting as a crack deflector and
crack-bridging agent. The presence of graphene sheets forces
propagating cracks to follow more tortuous paths, thereby
increasing the energy required for fracture and delaying crack
growth. This mechanism further contributes to the observed
improvement in composite properties.

A pronounced enhancement is observed at an optimal
graphene content of approximately 1%, which is attributed to
a balance between sufficient filler content and good
dispersibility. At this concentration, graphene forms an
effective  reinforcement network without significant
agglomeration. At higher loadings, however, graphene sheets
tend to agglomerate due to strong van der Waals interactions,
leading to stress concentration sites and reduced interfacial
efficiency. Consequently, the reinforcing effect does not
increase proportionally beyond the optimal concentration.

3.6 Ballistic testing

Applications of  graphene—polyurethane = composite
materials will be used as bulletproof vests. Therefore, ballistic
or firing tests are carried out to determine the potential of
graphene-polyurethane composites as bulletproof vest
materials. As a comparison material, polyurethane without
graphene and graphene composite materials — polyurethane
made a variation in graphene concentration of 0.25%; 0,5%;
0,75%; 1%; and 1.5% as done on the compressive and tensile
strength testing of composite materials. In addition, the
thickness of the samples/composite materials is made with a
relatively similar size of £ 17 mm. The type of test weapon
used is also the same, namely the Short Barrel Type (Pistol),
caliber 0.22 inches of the Walter Brand, made in Germany, the
type of round-nose sharp bullet ammunition made of lead
antimony projectile material, speed Bullet fire + 370 m/s. Then
the firing range is carried out as far as 5 m in accordance with
international standards for ballistic tests [20]. These things aim
to obtain accurate data. The test results obtained show that the
level of graphene concentration affects the strength of the
graphene—polyurethane composite material against the impact
of the bullet projectile, that is, the higher the concentration, the
stronger the resistance to the impact of the projectile of the
firearm bullet. The research data can be seen in Table 2.

Table 2. Comparative data of polyurethane materials without
graphene and graphene-polyurethane composites

Sample Firing
Sample (%)  Thickness Distance Result Information
(mm) (m)
Polyurethane 17.26 5 Break Pierce
0.25 17.27 5 Break Pierce
0.5 17.29 5 Break Pierce
0.75 17.32 5 Break Pierce
1 17.33 5 Un broken Impenetrable
1.5 17.41 5 Un broken Impenetrable
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The research data shows that polyurethane materials
without graphene and graphene-polyurethane composites with
a graphene addition concentration of 0.25% to 0.75% are
obtained from breaking and penetrating by bullet projectiles,



while graphene concentrations of 1% to 1.5% are obtained as
non-breaking and non-penetrating results. Although the 1.5
wt% composite also prevented penetration, the 1 wt%
graphene content was considered optimal due to its balance
between ballistic performance, dispersion quality, and
material processability. At higher graphene loadings,
increased  filler—filler  interactions  may  promote
agglomeration, which can reduce dispersion uniformity and
adversely affect composite processability without providing a
proportional improvement in ballistic resistance. These results
are also in line with the results of the hardness and tensile
strength tests of composite materials. It can therefore be
concluded that the concentration of graphene is more than 1%.
It is the right concentration or suitable for application as a
bulletproof vest made of graphene—polyurethane composite
material. The results of the ballistic test can be seen in Figure
6. In polyurethane without the addition of graphene and in
polyurethane graphene composites with graphene addition
concentrations of 0.25% to 0.75%, graphene-polyurethane
composites were seen to break with irregular shapes, due to
collisions with bullet projectiles from pistol guns at high
speed. However, at concentrations of 1% and 1.5%, the
graphene-polyurethane composite is able to withstand impact
so that it is not penetrated by bullet projectiles.

Figure 6. The ballistic test results

At a graphene addition concentration of 1%, the shot marks
on the graphene-polyurethane composite are more obvious and
rough, as shown in Figure 7, while at a graphene addition
concentration of 1.5%, it looks smoother as seen in Figure 8.
This proves that the more graphene concentrations are added
to the graphene-polyurethane composites up to 1.5%, the
strength of the composite will also increase.

Figure 7. Ballistic test results at 1% concentration

The enhanced impact resistance observed in graphene-
reinforced composites can be explained by multiple energy
dissipation mechanisms operating during ballistic impact.
Upon impact, graphene sheets initially participate in load
bearing and undergo self-fracture, which consumes a portion
of the incident kinetic energy. Simultaneously, interlaminar
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sliding between graphene layers and the surrounding matrix
occurs, promoting frictional energy dissipation and delaying
crack propagation.

Figure 8. Ballistic test results at 1.5% concentration

In addition to these localized mechanisms, graphene
promotes large-area deformation of the matrix by
redistributing stress away from the impact point. This stress
delocalization enables the matrix to deform plastically over a
wider region, thereby increasing the overall energy absorption
capacity of the composite. For samples that are not penetrated,
the dominant damage modes include matrix cracking,
interfacial debonding, and limited delamination, rather than
catastrophic fracture. These damage modes indicate effective
energy dissipation and structural integrity retention during
impact loading.

4. CONCLUSIONS

Graphene was successfully synthesized from commercial
graphite and effectively incorporated into a polyurethane
matrix. Structural characterization confirmed the reduction of
GO and the formation of layered graphene structures.
Mechanical testing demonstrated significant improvements in
compressive and tensile strength with increasing graphene
content. Most importantly, ballistic testing revealed that
graphene - polyurethane composites containing > 1 wt%
graphene were capable of resisting projectile penetration,
while lower concentrations and neat polyurethane failed under
identical conditions. Despite these promising results, this
study is limited by the presence of residual Zn from the
reduction process, potential graphene agglomeration, and the
use of low-caliber firearms. Future work should focus on
optimizing graphene dispersion, eliminating metallic residues,
and evaluating ballistic performance under higher-velocity
impact conditions and different polymer matrices.
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