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Abstract

The present study demonstrated the fabrication of a sustainable, high-performance com-
posite by upcycling waste denim fabric within a cyanoacrylate matrix reinforced with
B4C micro-particles (4, 7, and 10 wt%). XRD and SEM analyses confirmed the successful
integration of the ceramic filler and effective fiber encapsulation, with particle agglom-
eration identified at 10 wt% loading. The 7 wt% B4C composition exhibited the highest
static mechanical performance, with a tensile strength of ~20.3 ± 1.3 MPa and Young’s
modulus of 1.17 GPa—improvements of ~22.8% and ~41% over the unreinforced denim–
cyanoacrylate composite—while at 10 wt% B4C the ultimate tensile strength declined below
the unreinforced baseline and the Young’s modulus reverted to a comparable value, likely
reflecting agglomeration-induced stress concentration as a major contributing factor. Under
dynamic impact loading, the peak contact force increased monotonically from 0.34 kN to
1.31 kN with increasing B4C content yet remained well below the thresholds specified by
international impact protection standard thresholds across all compositions. This diver-
gence between static and dynamic responses indicates that the increase in contact force
with B4C content reflects progressive stiffening and more direct load transfer rather than
improved energy attenuation, whereas tensile performance depends critically on dispersion
quality and fiber–matrix adhesion. Surface wettability analysis showed a marked increase
in hydrophobicity, with the water contact angle rising from 105 ± 4◦ to 133 ± 4◦ (for the
DSGB-7 wt% composite), consistent with a Cassie–Baxter wetting regime. These prelim-
inary results suggest that B4C-reinforced waste denim–cyanoacrylate composites merit
further investigation as candidate materials platform for protective textile applications,
pending validation through larger-scale, standardized testing.

Keywords: waste denim; cyanoacrylate; super-glue; textile composite; boron carbide;
impact; tensile properties; hydrophobicity; upcycling

1. Introduction
Jeans are among the most widely worn garments today. Their popularity has been

driven by the rise in casual fashion and the availability of affordable, durable denim. The
global denim market has seen steady growth in recent years and is projected to exceed
USD 100 billion by 2030, with an estimated production of nearly 3.5 billion pairs of jeans
annually [1,2]. This massive production and consumption result in significant denim
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waste at the end of the garments’ service life. Each year, approximately 2.16 million tons
of used jeans are discarded globally, typically ending up in landfills or incinerators [3].
Landfilled denim contributes to methane emissions from decomposing cotton [4] and can
contaminate soil and water due to textile effluents containing indigo dye [5,6]. Meanwhile,
incineration releases carbon dioxide and other greenhouse gases from burning organic
material [7]. Given the large volume of discarded jeans, recycling is essential to mitigate
the environmental impact of denim waste.

The main approaches to recycling include mechanical recycling, upcycling, chemical
recycling, downcycling, and closed-loop recycling [8–13]. Mechanical recycling converts
waste denim by shredding or unraveling it into fibers, which are re-spun into yarns for
recycled denim fabrics or other textiles, often using uniform manufacturing scraps for
weft yarns, while upcycling creatively transforms worn jeans into valuable products like
insulation, bags, or home furnishings. Chemical recycling employs advanced technologies
to break down cotton into glucose and isolate polyester for reuse, enabling sustainable
material recovery. Downcycling repurposes denim into lower-value items like mattress
stuffing or construction composites, such as denim–polypropylene blends, while closed-
loop recycling collects post-consumer jeans to produce high-quality recycled denim fabrics,
fostering a circular system that minimizes waste and promotes sustainability.

Recycled denim fabric also demonstrates considerable promise as a reinforcement ma-
terial in polymer composites [14–23]. Previous studies have incorporated denim blended
with various everyday polymers (polyethylene, polypropylene, epoxy, polyurethane) to
fabricate reinforced composites; for example, one study explored the fabrication of compos-
ites using epoxy resin reinforced with recycled cotton textile waste [21]. In this research,
denim fabric was shredded and used as a reinforcing agent, comprising roughly 30% of the
composite material. The resulting epoxy-based composite exhibited notable enhancements
in mechanical performance, including a twofold increase in both tensile strength (from 0.09
to 0.16 MPa) and Young’s modulus (from 0.5 to 1.2 MPa) compared to unreinforced epoxy.
Tensile testing indicated strong interfacial bonding between the epoxy matrix and the denim
fibers, likely due to the presence of fibrils and microfibrils generated during the shredding
process. These findings support the potential use of recycled denim–epoxy composites in
applications such as fashion items or structural components. In a separate study, textile
waste from knitted garments, including denim, was integrated into polyurethane foam to
develop composite materials [22]. These composites contained up to 40% textile waste and
demonstrated improved mechanical characteristics along with enhanced acoustic proper-
ties. Specifically, the inclusion of denim fabric led to a noise reduction coefficient (NRC)
that was twice that of pure polyurethane foam, indicating their suitability for structural
uses such as automotive parts or acoustic insulation panels.

Although no existing research has specifically explored the use of superglue
(cyanoacrylate) [24,25] in combination with denim fabric for polymer composites, this pair-
ing offers several promising advantages, including fast fabrication, strong initial adhesion,
lightweight structural reinforcement, water resistance, and cost-efficiency. Cyanoacrylate’s
rapid curing—ranging from seconds to minutes—enables much quicker bonding compared
to slower-curing resins like epoxy or polyurethane, which may take hours or even days
to cure. Its low viscosity allows it to penetrate deeply into the cotton fibers of denim,
resulting in a strong and uniform bond throughout the material. This high penetration
ability enhances adhesion and contributes to the formation of a tightly bonded composite.
Additionally, superglue can rigidify denim without significantly increasing its weight,
offering a lightweight yet stiff material. Once cured, it forms a water-resistant barrier that
may improve the fabric’s water repellency. Lastly, the combination of inexpensive, readily
available superglue and recycled denim makes this approach economically viable.
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In the present study, waste denim–cyanoacrylate composites containing approximately
44 wt% cyanoacrylate polymer (determined for the unreinforced denim–cyanoacrylate
reference composite; see Section 2.2)—the minimum required to effectively wet and bind
the denim fabric—reinforced with boron carbide (B4C) micro-particles at concentrations of
4, 7, and 10 wt%. Boron carbide was specifically selected over more conventional ceramic
fillers such as Al2O3, SiC, or SiO2 due to its unique combination of exceptional hardness
(Mohs ~9.5) and low density (2.52 g/cm3), which together make it the established material
of choice in high-performance ceramic armor applications [26–28]. While B4C is acknowl-
edged to be a relatively expensive technical ceramic, its use at low filler loadings (4–10 wt%)
limits the absolute material cost per composite, and the present study is primarily intended
as a proof-of-concept investigation. The substitution of B4C with lower-cost ceramic alter-
natives remains an important direction for future work, making it an appropriate candidate
for mechanical reinforcement applications [29]. The investigation aims to evaluate the
effect of B4C filler concentration on the structural, morphological, surface wettability, and
mechanical properties of the resulting composites, with particular focus on identifying the
threshold of optimal particle dispersion and its influence on both static and dynamic me-
chanical response. The developed composites are assessed for their potential as candidate
materials for personal protective equipment (PPE) applications, offering a promising and
eco-friendly route for the upcycling of textile waste into value-added technical materials.

2. Materials and Methods
2.1. Materials

The fabrication of the superglue-enhanced composites utilized repurposed commercial
waste blue denim fabric as the primary substrate (hereafter referred to simply as “denim
(D)”. The denim substrate consisted of heavily worn, end-of-life waste fabric purchased
from the Greek market, representing a real post-consumer textile waste stream. Extensive
prior use and washing cycles are expected to have substantially degraded any residual
elastane and indigo dye content, rendering the substrate predominantly cellulosic in
character. Since recycled denim may originate from different sources, variations in fiber
composition and degree of wear may influence composite performance. A systematic
evaluation of these parameters would provide further insight into the optimization and
standardization of the proposed upcycling approach. Furthermore, a commercial-grade
cyanoacrylate adhesive, commonly referred to as “super glue”, served as the matrix phase.
To enhance the composite properties, boron carbide (B4C) was incorporated as a particulate
filler, sourced from Sigma-Aldrich, St. Louis, MO, USA (powder form, particle size < 10 µm,
98% purity, product #378119-50G).

2.2. Preparation of Denim–Cyanoacrylate (DSG) Composites

For the preparation of the composites, the waste denim fabric was cut into uniform
dimensions of 5 × 5 cm and 10 × 1.5 cm. The polymer matrix was formulated by diluting
commercial cyanoacrylate UHU BISON-super glue with a minimal volume of acetone to
reduce viscosity and facilitate uniform application. The mixture was applied to the dual-
layer denim assembly within 1–2 min using a manual brushing technique, with fabric edges
secured by adhesive tape to maintain dimensional stability and prevent wrinkling during
curing. No separate acetone evaporation step was required, as polymerization initiated
immediately upon contact with the fabric surface. The assembly was impregnated from
both sides to ensure uniform through-thickness matrix saturation. Specimens were cured
at room temperature for a minimum of two weeks prior to testing. The thickness of the raw
denim sheet was measured as 0.69 ± 0.03 mm, while the final composite thicknesses were
2.15 mm for the neat denim–cyanoacrylate composite (DSG).
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These composite samples will hereafter be referred to as “DSG” samples. To quantify
the degree of cyanoacrylate uptake, all specimens were weighed prior to and following
adhesive impregnation using a precision analytical balance. The results revealed an average
mass increase of approximately 80 wt% relative to the dry denim substrate, confirming
that the adhesive penetrated extensively into the fibrous network and was effectively
retained within the composite structure upon curing. Formal confirmation of complete
solvent removal was not performed in the present study and is identified as a direction
for future work. This value, and the corresponding ~44 wt% cyanoacrylate mass fraction
reported in the manuscript, refer specifically to the unreinforced denim–cyanoacrylate
(DSG) composite. For the B4C-loaded (DSGB) compositions, the cyanoacrylate mass fraction
was not independently determined following B4C incorporation. Since the total composite
mass of the DSGB specimens includes the additional B4C content, the relative cyanoacrylate
mass fraction is expected to be lower than that of the DSG reference, assuming comparable
adhesive uptake during fabrication.

2.3. Preparation of B4C-Reinforced Denim–Cyanoacrylate (DSGB) Composites

For the preparation of the reinforced composite specimens, B4C was incorporated into
the denim layers at three distinct concentrations: 4, 7, and 10 wt%. The measured powder
was suspended in a minimal volume of ethanol to create a workable slurry, in which the
denim samples were immersed. This allowed the B4C particles to be effectively absorbed
into the fabric’s fibrous structure. The samples were then dried in an oven at 70 ◦C for
1 h to ensure complete evaporation of ethanol prior to cyanoacrylate application. The B4C
mass content was controlled gravimetrically: the exact mass of B4C powder was weighed
prior to slurry preparation, and each specimen was re-weighed following oven drying
(70 ◦C, 1 h) to confirm the mass of ceramic filler retained within the fabric structure. The
target concentrations (4, 7, and 10 wt%) were calculated relative to the total composite
mass and verified for each specimen using a precision analytical balance. To form the
composite, two fabric sheets were stacked to create a dual-layer structure and impregnated
from the top side with the cyanoacrylate adhesive. The adhesive successfully penetrated
the first layer and diffused into the second, effectively wetting the interface between them.
The assembly was then inverted, and the process was repeated on the reverse side to
ensure complete and uniform saturation of the matrix. To ensure statistical reliability and
reproducibility, three distinct samples were fabricated for each experimental composition.
The final composite thickness, measured using a digital caliper at multiple positions, was:
DSGB-4 wt%: 2.06 ± 0.10 mm; DSGB-7 wt%: 2.04 ± 0.04 mm; DSGB-10 wt%: 2.50 mm.
Due to the instrument’s precision limit (0.1 mm), localized thickness variations below this
threshold resulted in identical rounded readouts for certain specimens, yielding average
thickness values with an artificially negligible standard deviation. For compositions in
which repeated thickness measurements yielded identical readings within the practical res-
olution of the digital caliper, only the average thickness value is reported. These composite
samples will hereafter be referred to as “DSGB-x%” samples, with the value in parentheses
indicating the wt% B4C content. It is noted that the ~44 wt% cyanoacrylate mass fraction
reported for the DSG reference composite (Section 2.2) was not independently re-verified
for the DSGB compositions following B4C incorporation.

2.4. Surface Wettability and Contact Angle Characterization

The wetting properties of the coated surfaces were investigated using the OCA-25 con-
tact angle measuring device from DataPhysics Instruments GmbH (Filderstadt, Germany),
controlled by the SCA-20 software (version 4.5.0, DataPhysics Instruments GmbH) The
drop method was employed for static contact angle measurements and distilled deionized
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water droplets of 4 µL were placed onto the surfaces at a rate of 0.5 µL/s under ambient
conditions. The final contact angle was calculated as the average of at least five water
droplets placed at different positions on the surface. Measurements were repeated on five
independently prepared coated surfaces to assess the repeatability. The errors reported
correspond to the standard deviation of the measurements.

2.5. X-Ray Diffraction Measurements

The crystalline structure and phase composition of the fabricated composites and raw
materials were analyzed via X-ray diffraction (XRD) using a Rigaku MiniFlex benchtop
diffractometer (Rigaku Corporation, Tokyo, Japan). The instrument operated with Cu Kα

radiation (λ = 1.5418 Å) at an accelerating voltage of 40 kV and a current of 15 mA. The
powder samples and composite sections were scanned over a 2θ range from 10◦ to 80◦

employing a step size of 0.01◦ (2θ) and a scanning speed of 5◦/min per minute. Prior to
analysis, the samples were mounted on standard glass holders, ensuring a flat surface
for optimal diffraction. Phase identification was performed by comparing the resulting
diffractograms with reference patterns from the Crystallography Open Database (COD).

2.6. Drop-Weight Impact Testing

The damage resistance of the DSGB composites was evaluated through drop-weight
impact testing in accordance with ASTM D7136/D7136M [30], with specimen dimensions
adapted to 5 × 5 cm to accommodate the available sample size. Low-velocity impact testing
was performed using an Instron Ceast 9340 drop tower (Instron CEAST Division, Torino,
Italy) equipped with a 45 kN load cell integrated into the impactor (tup), which recorded
the impact contact force during testing. Specimens were centered over a high-strength
steel support fixture with a rectangular cutout, ensuring consistent boundary conditions
across all tests. A hemispherical striker, which was 16 mm in diameter and 2.5 kg in mass,
was released from a predetermined height to deliver a specific impact energy to the center
of each specimen. Two impact energy levels, 2 J and 10 J, were selected to evaluate the
composite response under both low- and high-severity impact conditions. Preliminary
impact tests were conducted at 2 J; however, no visible damage was observed at this
energy level for any composition, confirming the high impact resistance of the fabricated
composites. All quantitative results reported herein therefore correspond to the 10 J impact
energy level, which was selected as the reference condition for comparative evaluation
across all compositions. The drop tower was equipped with an anti-rebound mechanism to
prevent secondary impacts that could otherwise compromise the analysis of the primary
damage event. Following each impact event, specimens were visually inspected for surface
indentation, fiber breakage, and delamination. For each composition, three specimens
were tested per impact energy level, and the maximum impact load (kN) and absorbed
energy (J) were recorded to characterize the toughening effect of B4C reinforcement within
the denim–polymeric matrix. The absorbed energy was calculated from the area under the
load–displacement curve.

2.7. Tensile Properties Characterization

The tensile properties of the DSG and DSGB specimens were evaluated using an Auto-
graph AGS-H testing machine (Shimadzu Corporation, Kyoto, Japan). Prior to testing, all
specimens were conditioned at standard atmospheric conditions (65 ± 2% RH, 21 ± 1 ◦C)
according to ASTM D 1776 and measured according to related test standards [31]. The
tests were conducted at a constant crosshead speed of 1.5 mm/min until specimen frac-
ture occurred. All specimens were cut parallel to the warp direction of the denim fabric.
Tensile tests were performed with a gauge length of approximately 80 mm, with speci-
mens clamped directly in the machine grips. The cross-sectional area was calculated as
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width × thickness, using mean values from five geometric measurements taken along the
gauge length (the accuracy of the dimension measurements is better than 1%). Although
DSGB-10 wt% specimens used a slightly longer gauge length (51 mm vs. 45 mm) due to
preparation requirements, all other testing parameters were kept identical. Because elastic
modulus is derived from strain normalized to gauge length, this difference introduces no
systematic bias into the results. For each composition, three distinct specimens were tested.
The parameters recorded included the ultimate tensile strength (in MPa), and the Young’s
modulus (in GPa).

2.8. Scanning Electron Microscopy (SEM)

The morphological characteristics of the DSG and DSGB composites were examined
via Scanning Electron Microscopy (SEM) using a JEOL JSM-5600 scanning electron micro-
scope (JEOL Ltd., Tokyo, Japan), operated with the JEOL SEM Control Software (JEOL
Ltd., Tokyo, Japan) and integrated with an Oxford Instruments energy-dispersive X-ray
spectrometer (EDS) (Oxford Instruments NanoAnalysis, Abingdon, Oxfordshire, UK). To
enhance conductivity and facilitate high-resolution imaging, the specimens were gold-
sputtered prior to analysis. Detailed individual and average specimen dimensions and
tensile test parameters are summarized in Tables S1 and S2.

3. Results and Discussion
3.1. Cyanoacrylate–Cellulose Interaction Mechanism

The mechanical performance of the fabricated composites is fundamentally rooted
in the chemical interaction between the cyanoacrylate adhesive and the cellulosic denim
substrate. Cyanoacrylate is an acrylic monomer that undergoes rapid anionic polymeriza-
tion upon exposure to nucleophilic species, most commonly water molecules or mild
bases [24,25]. Denim fabric, being predominantly composed of cotton (~90–95%), is
inherently rich in cellulose—a biopolymer characterized by an abundance of hydroxyl
groups (–OH) along its molecular backbone (Figure 1a) [32,33]. Upon contact between
the cyanoacrylate and the cotton fiber surface, the surface moisture and, potentially, the
hydroxyl groups (–OH) of the cellulosic fibers may act as nucleophilic species contributing
to the initiation of anionic polymerization of the cyanoacrylate monomer (Figure 1b) [34],
though the direct role of cellulosic –OH groups has not been confirmed spectroscopically
in the present study, which propagates along the fiber network (Figure 1). The resulting
cross-linked poly(cyanoacrylate) matrix forms a continuous, densely bonded phase firmly
interlocked with the cellulosic fiber architecture, effectively transforming the flexible textile
into a rigid, fiber-reinforced structural composite (Figure 1c) [35]. This in-situ polymer-
ization mechanism, likely facilitated by the chemical functionality of the denim substrate,
particularly its surface moisture and cellulosic hydroxyl groups, eliminates the need for
external curing agents or elevated processing temperatures, representing a key advantage
of this system over conventional epoxy- or polyurethane-based textile composites.

This physical encapsulation and moisture-triggered curing mechanism are macroscop-
ically evidenced by the immediate polymerization of the matrix upon fabric contact and
are further supported by the XRD (Section 3.3) and SEM (Section 3.4) analyses.

3.2. Wettability Properties & Contact Angle

Figure 2 depicts the static water contact angle measurements for the fabricated denim–
superglue composites, with and without boron carbide (B4C) reinforcement, together with
neat, cured cyanoacrylate as a reference material (Figure 2a). The neat cured cyanoacrylate
exhibited a contact angle of 74 ± 4◦, whereas the unreinforced denim–superglue composite
(DSG, Figure 2b) exhibited a contact angle of 105 ± 4◦, representing a significant departure
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from the naturally hydrophilic character of untreated denim, which exhibits contact angles
approaching 0◦ due to immediate capillary wicking action. This intrinsic hydrophobicity
of the DSG substrate confirms that the cyanoacrylate adhesive fundamentally alters the
surface energy of the textile. By sealing the porous fiber network and forming a dense cross-
linked polymer layer over the cellulosic substrate, it effectively suppresses the wicking
mechanism and forces water to maintain a compact droplet formation on the surface [36].

Figure 1. Proposed in situ anionic polymerization mechanism of cyanoacrylate on denim fibers:
(a) molecular structure of cellulose showing available hydroxyl (–OH) groups (highlighted with red
circles; white spheres represent H, red spheres represent O, and grey spheres represent C atoms);
(b) initiation step through nucleophilic attack of cellulose hydroxyl groups (or surface-bound mois-
ture) on cyanoacrylate monomers (yellow arrow indicates electron pair transfer); and (c) propagation
step resulting in the formation of a rigid cellulose–poly(cyanoacrylate) composite structure.

Figure 2. Static water contact angle measurements of (a) neat cured cyanoacrylate (θ = 74 ± 4◦),
(b) the unreinforced denim–cyanoacrylate composite (DSG, θ = 105 ± 4◦), and (c) the B4C-reinforced
denim–cyanoacrylate composite (DSGB-7, θ = 133 ± 4◦).

The integration of B4C particles into the denim–superglue matrix resulted in a marked
further enhancement of the water contact angle to 133 ± 4◦ (Figure 2c), placing the DSGB-
7 wt% composite firmly within the strongly hydrophobic regime and approaching the
superhydrophobic threshold (≥150◦). This substantial increase of ~28◦ relative to the unre-
inforced DSG substrate is attributed to the synergistic interaction between two concurrent
mechanisms. First, the B4C particles introduce a well-defined micro-topography on the
composite surface, promoting a Cassie–Baxter wetting regime in which trapped air pockets
beneath the droplet reduce the effective solid–liquid contact area, thereby amplifying the
apparent contact angle [37]. Second, the progressive coverage of residual polar hydroxyl
groups (–OH) on the denim fibers by the ceramic particles further reduces the surface’s
affinity for water molecules. Recent studies on B4C composites highlight that their surface
performance is highly dependent on preparation processes that govern interfacial bond-
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ing and reinforcement distribution [38], consistent with the particle dispersion behavior
observed in the SEM analysis of the present study.

Beyond its wetting properties, the incorporation of B4C significantly enhances the
mechanical durability of the composite surface. The exceptional hardness of B4C parti-
cles (~9.5 on the Mohs scale) is expected to contribute to the mechanical robustness of
the composite surface within the cyanoacrylate matrix [39], though formal abrasion and
durability testing were not performed in the present study. The cyanoacrylate acts as a
high-strength structural binder, suggesting that the ceramic particles may remain anchored
to the textile fibers under mechanical stress, potentially preserving the micro-topography
responsible for the observed hydrophobic behavior, pending validation through dedicated
durability testing. Furthermore, the well-known chemical inertness of B4C ensures that the
composite’s water-repellent properties are not compromised by environmental exposure
or chemical degradation [40]. Consequently, the DSGB composite does not merely offer
passive moisture management, but functions simultaneously as a mechanically robust,
chemically stable, and moisture-resistant material system. These properties may be of inter-
est for technical textile applications, though their direct relevance to personal protective
equipment would require dedicated abrasion, durability, and standardized performance
testing beyond the scope of this study.

3.3. X-Ray Diffraction Analysis

The crystalline structure and phase composition of the pristine materials and the
fabricated composites (DSG and DSGB) were investigated by X-ray diffraction (XRD), as
shown in Figure 3. In particular, the XRD pattern of the pristine denim (D) exhibits the
characteristic diffraction peaks of cellulose I, with prominent reflections at 2θ ≈ 14.8◦,
16.5◦, and a sharp primary peak at 22.7◦, corresponding to the (200) crystallographic
plane, thereby confirming the semicrystalline nature of the cotton fibers. According to the
literature, denim fabric, being a cotton-based textile, is primarily composed of cellulose
(~90–95%), with the remaining fraction consisting of hemicellulose, lignin, and natural
waxes [32,39]. These components dictate its semi-crystalline behavior, as the crystalline
regions of cellulose are embedded within an amorphous matrix of hemicellulose and lignin.
Recent studies on the valorization of textile waste emphasize that the structural integrity of
these natural fibers is critical for the mechanical performance of reinforced composites [41].

On the other hand, the reference Boron Carbide (B4C) powder used as the ceramic
additive in the composite exhibits a highly crystalline profile with sharp Bragg reflections at
2θ ≈ 23.5◦, 35◦ and 38◦, consistent with its rhombohedral structure as reported in ceramic
filler research [42]. As observed in Figure 3, the presence of boron carbide becomes clearly
detectable in the DSGB samples containing 7 wt% and 10 wt% B4C, as evidenced by Bragg
reflections at 2θ ≈ 23.5◦ (manifested as an asymmetry of the main peak at higher angles) as
well as at 35◦ and 38◦, which appear as clearly resolved new diffraction peaks. In addition,
a clear concentration dependence is observed, as the relative intensity of the characteristic
B4C peaks increases proportionally with the filler loading. On the other hand, following
the incorporation of the cyanoacrylate matrix into the denim structure, the DSG and DSGB
composites maintain the characteristic cellulose diffraction peaks, although slight peak
broadening and an increase in the amorphous background are observed. This is attributed
to the intrinsically amorphous nature of the superglue polymer, which partially encapsu-
lates the denim fibers and exhibits a broad scattering contribution mainly centered around
2θ ≈ 15◦ and 32◦, as also evidenced by the diffraction pattern (Figure 3) of the neat super-
glue phase (SG). The simultaneous presence of both cellulose and B4C diffraction peaks,
together with the absence of significant peak shifts, suggests that the incorporation of the
cyanoacrylate matrix and ceramic filler into the denim structure primarily results in physi-
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cal integration and interfacial interactions, without the formation of new crystalline phases
or significant structural transformations. This interpretation is further supported by the
observed peak broadening and increased amorphous background, which are attributed to
partial encapsulation of the cellulose fibers by the amorphous polymer phase, in agreement
with recent findings on high-strength textile-reinforced polymer composites [43].

Figure 3. XRD patterns of pure boron carbide (B4C), raw denim fabric (D), superglue (SG), superglue–
denim composite (DSG), and superglue–denim composite with varying B4C concentrations (4 wt%,
7 wt%, and 10 wt%) (DSGB).

3.4. Scanning Electron Microscopy (SEM) Analysis

The surface morphology of the raw denim and the fabricated composites was ex-
amined via scanning electron microscopy (SEM), as presented in Figure 4. The pristine
denim fabric (D) consists of distinct, relatively smooth, and well-defined cotton fibers with
a characteristic twisted structure. Upon application of the cyanoacrylate adhesive (DSG),
the fiber surfaces become coated with a continuous adhesive layer, resulting in partial
fiber encapsulation and the formation of a more integrated fiber–polymer network. On
the other hand, when 7 wt% B4C particles are deposited onto the pristine denim fabric,
the SEM micrographs (Figure 4c) reveal a relatively homogeneous distribution of fine
ceramic particles over the cotton fiber surfaces. The particles appear well dispersed and
predominantly isolated, suggesting that this loading level does not promote significant ag-
glomeration. Following cyanoacrylate impregnation (Figure 4d), the B4C particles become
firmly embedded within the polymer phase, which forms continuous bridges between
adjacent fibers, effectively anchoring the ceramic particles while preserving their relatively
uniform distribution throughout the fibrous network. This configuration promotes efficient
particle–matrix–fiber interfacial contact, which is consistent with the enhanced mechanical
performance observed for the DSGB-7 wt% composition.

At the higher B4C loading of 10 wt%, however, the microstructure changes markedly
(Figure 4e). Large particle-rich regions and extensive agglomerates become clearly evident,
indicating that the ceramic particle content exceeds the dispersion capability of the available
cyanoacrylate phase, resulting in an increasingly heterogeneous filler distribution. Higher-
magnification micrographs (Figure 4f), reveal the formation of compact B4C clusters in
which many particles are in direct particle-to-particle contact rather than being individually
dispersed within the polymer matrix. These agglomerates may act as stress concentration
sites, disrupting load transfer efficiency, and likely represent a major contributing factor to

https://doi.org/10.3390/eng7080396

https://doi.org/10.3390/eng7080396


Eng 2026, 7, 396 10 of 20

the deterioration in tensile strength and stiffness observed for the DSGB-10 wt% composite.
Other unmeasured factors, such as local variations in matrix impregnation, porosity, fiber
distribution, and specimen thickness, cannot be excluded as additional contributors to
this decline.

Figure 4. SEM micrographs of: (a) pristine denim fabric (D), (b) denim fabric impregnated with
cyanoacrylate (DSG), (c) pristine denim fabric with deposited B4C particles (7 wt%), (d) denim–
cyanoacrylate composite containing 7 wt% B4C (DSGB-7), (e) denim–cyanoacrylate composite con-
taining 10 wt% B4C (DSGB-10), and (f) higher-magnification image of (e), highlighting the distribution
and agglomeration of B4C particles.

These morphological observations are in good agreement with the structural data
obtained from the XRD analysis. The clear, individualized fibers observed in the SEM
of the D correspond to the sharp, well-defined peaks of Cellulose I in the XRD pattern.
The encapsulation of fibers by the superglue, observed in the SEM, correlates with the
increased amorphous background and slight peak broadening in the DSG and DSGB XRD
patterns, confirming the presence of the non-crystalline polymer matrix. Furthermore,
the progressive increase in B4C particle density and the appearance of particle clusters in
the SEM micrographs is consistent with the proportional increase in the intensity of the
B4C Bragg reflections in the XRD patterns. This correlation between surface morphology
and crystalline structure confirms that the boron carbide filler was successfully incorpo-
rated into the superglue–denim system, retaining its crystalline identity while physically
reinforcing the composite structure, with the 7 wt% formulation representing the opti-
mum threshold where crystalline integration is maximized without compromising particle
dispersion. The transition from a well-dispersed microstructure at 7 wt% to the heavily
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particle-populated surface observed at 10 wt% indicates that the composite has reached its
practical particle-loading limit. The limited amount of cyanoacrylate matrix is no longer
sufficient to uniformly disperse and bind the increased amount of B4C, leading to extensive
particle accumulation and agglomeration. It is acknowledged that direct measurements of
bulk density, open porosity, and areal weight, as well as cross-sectional SEM analysis of the
through-thickness matrix and filler distribution, were not performed in the present study.
These characterizations represent important priorities for future investigation to provide a
more complete microstructural and physical description of the composite system.

3.5. Dynamic Impact Response

The dynamic impact response of the fabricated composites was evaluated by measur-
ing the peak contact force (kN) generated during drop-weight impact events, as illustrated
in Figures 5 and 6. The applied experimental configuration employed an instrumented
impactor equipped with a load cell, which records the force developed at the impactor–
specimen interface. Therefore, the measured peak contact force represents the local impact
interaction between the impactor and the composite specimen and should not be inter-
preted as transmitted force through the specimen to a supporting structure. The analysis
presented herein focuses on the comparative effect of B4C incorporation on the impact
response of the investigated composites under the specific laboratory conditions employed.
Prior to discussing the mechanical response of the fabricated composites, it is instructive to
consider the intrinsic mechanical characteristics of the constituent materials. Denim fabric,
as a woven cotton textile, exhibits a characteristically flexible and anisotropic mechanical
behavior, with tensile strength values typically ranging from 10 to 50 MPa depending
on weave architecture, fiber orientation, and yarn count [44]. Although denim possesses
reasonable load-bearing capacity along the warp direction, it offers virtually no resistance
to out-of-plane deformation or localized penetration in the absence of a rigid reinforcing
phase. Conversely, cured cyanoacrylate adhesive forms a highly cross-linked glassy poly-
mer network that exhibits high stiffness but limited ductility, which may restrict energy
dissipation under dynamic loading conditions [45].

Consequently, neither constituent alone provides the combination of mechanical char-
acteristics required for the targeted composite response: denim offers flexibility and fibrous
reinforcement but limited out-of-plane rigidity, whereas neat cyanoacrylate provides high
stiffness but limited ductility under dynamic loading conditions. The denim–cyanoacrylate
composite system was therefore designed to combine the complementary characteristics of
both constituents, where the fibrous denim network contributes structural reinforcement
and damage tolerance, while the cyanoacrylate matrix enhances rigidity and load transfer
efficiency. This response is further modified by the incorporation of B4C ceramic particles,
as indicated by the mechanical and dynamic impact results presented in Figures 6 and 7.

The experimental results shown in Figure 6b reveal a distinct transition in the mate-
rial’s impact response as boron carbide (B4C) content increases. The unreinforced sample
DSG (0 wt% B4C) recorded the lowest peak contact force of 0.34 kN, corresponding to a
more compliant response under the applied impact conditions, where the denim–superglue
matrix, still relatively compliant in the absence of ceramic filler, can accommodate im-
pact loading through localized deformation of the fiber network and polymer matrix.
The contact force increased progressively and monotonically with B4C content, reaching
0.69 kN (4 wt%), 0.92 kN (7 wt%), and 1.31 kN (10 wt%), reflecting a progressive stiffening
and increasingly direct load transfer through the composite thickness, rather than being
interpreted as direct evidence of improved energy attenuation.

It is important to note that the cyanoacrylate (superglue) does not merely coat the
denim fibers but undergoes in-situ anionic polymerization initiated by surface moisture
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and the hydroxyl groups of the cellulosic fibers, yielding a rigid, densely cross-linked
polymeric network firmly interlocked with the denim fiber architecture and transforming
the composite from a flexible textile into a semi-rigid to rigid structural panel. Consequently,
as B4C loading increases, the composite exhibits an increasingly stiff impact response rather
than behaving as a flexible cushioning material, in which the incorporation of ceramic
particles further restricts the residual elasticity of the cross-linked polymer–fiber network
and promotes more direct load transfer through the panel thickness.

 

 

 

Figure 5. Drop-weight impact testing of the denim–superglue composites: (a) experimental setup
using the Instron CEAST 9340 Drop Tower with a detailed inset showing the clamping fixture and
hemispherical impactor position (upper); (b) representative DSGB-7 wt% specimens prior to impact
testing (middle); and (c) post-impact DSGB-7 wt% specimens showing progressive damage modes
across three independent replicates, ranging from surface indentation and localized fiber deformation
to full perforation, following 10 J drop-weight impact loading (bottom).

Figure 6a shows representative load–displacement curves from drop-weight impact
tests at 10 J impact energy for denim–superglue composites with varying B4C concentra-
tions (0, 4, 7, and 10 wt%; curves vertically offset for clarity). All specimens show an initial
elastic loading segment followed by oscillations superimposed on a broader force envelope,
progressive damage evolution during impact, including possible fiber fracture, delami-
nation, and interfacial debonding, rather than a single catastrophic failure. A clear trend
emerges with increasing B4C content: peak contact force (force–displacement work) and the
area under the curve (absorbed energy) increase progressively from DSG to DSGB (10 wt%).
The unreinforced DSG sample shows the lowest, most irregular response with pronounced
sawtooth-like oscillations, indicating a more compliant response with intermittent damage
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events. The B4C-reinforced composites, especially at 7 and 10 wt%, show a smoother,
higher-amplitude envelope, indicating a stiffer impact response and more efficient load
transfer within the composite structure. This behavior reflects the reinforcing role of the
rigid B4C particles: by increasing local matrix stiffness and hardness, they modify the
deformation response of the composite and may contribute to a more distributed damage
evolution, rather than highly localized deformation as observed in DSG. However, the
specific microstructural damage mechanisms cannot be fully established from the present
impact measurements alone. This increase in peak contact force reflects the increased
stiffness and more direct load transfer within the composite, rather than direct evidence of
improved impact attenuation.

 

Figure 6. (a) Representative load–displacement curves of denim–superglue composites with various
boron carbide (B4C) concentrations (0, 4, 7, and 10 wt%) under drop-weight impact loading at 10 J
impact energy, showing progressive layer-by-layer damage and increasing load-bearing capacity
with B4C content. (b) Peak contact force of the same composites, calculated as the mean value of
three independent specimens per composition, with error bars representing the standard deviation
(SD). The measured peak contact force values are presented for comparative evaluation of the effect
of B4C incorporation on the impact response of the investigated composites under the applied
experimental conditions.
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The energy absorbed by each specimen during the impact test was calculated as
the area under the Force–Displacement curve. This value represents the mechanical work
associated with the recorded impact response under the present experimental configuration.
The DSG specimen exhibited a lower calculated mechanical work value, consistent with
its more compliant response and limited resistance under the applied impact conditions.
In contrast, the incorporation of boron particles into the DSGB formulation resulted in
a marked increase in calculated force–displacement work, which scaled with additive
content: 3.0 ± 0.3 J for DSGB (4 wt%), 4.1 ± 0.5 J for DSGB (7 wt%), and 5.8 ± 0.6 J for
DSGB (10 wt%). This trend is consistent with the increase in peak force and indicates that
higher B4C loading modifies the impact response by increasing stiffness and load transfer
capability; however, it should not be interpreted as direct evidence of improved protective
performance or impact attenuation without standardized transmitted-force measurements.

 
Figure 7. Tensile properties of the denim–superglue composites: (a) representative stress–strain curves
of B4C-reinforced composites (4, 7, and 10 wt%), (b) average values of tensile strength and Young’s
modulus with standard deviation (SD) obtained from three independent tensile measurements (n = 3).
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Given this rigid, ceramic-reinforced character, the composite was further evaluated
in terms of its dynamic impact response under the present laboratory conditions. The
measured peak contact force values were not directly compared with impact-protection
standards, such as EN 1621-1 [46], EN 1621-2 [47], and ANSI/ISEA 138 [48], because these
standards employ different test configurations in which transmitted force is measured
through a backing support using specific specimen geometries and transducer locations.
Although these standards provide relevant context for protective equipment testing, direct
numerical comparison with the present contact-force measurements is not technically
justified. It is critical to note that present experiments quantify the force developed at the
impactor–specimen interface rather than the force transmitted through the specimen to a
protected body or support structure.

This behavior may be attributed to a synergistic interaction between the cross-linked
denim–cyanoacrylate matrix and the B4C ceramic reinforcement. The rigid, fiber-reinforced
polymer network promotes stress redistribution across the composite surface and enhances
resistance to localized deformation. Although the increasing absorbed energy with B4C
content is consistent with an enhanced impact response, the present study does not directly
establish the specific microstructural energy-dissipation mechanisms, as porosity, B4C
volume fraction, and through-thickness particle distribution were not measured. Moreover,
the increase in peak contact force should be interpreted primarily as evidence of increased
composite stiffness and more efficient load transfer, whereas calculated force–displacement
work represents the mechanical work associated with the recorded impact event. These
quantities describe different aspects of the impact response and should not be interpreted
as direct evidence of the same mechanism. These findings, together with the SEM and XRD
observations, suggest that the B4C composites merit further investigation as candidate
materials for protective textile applications. However, this interpretation is based on small-
scale, non-standardized specimens, and any conclusions regarding practical protective
performance remain preliminary pending validation through appropriate standardized
testing procedures.

3.6. Effect of B4C Loading on Tensile Performance

The tensile behavior of the DSG and DSGB composites was systematically investigated
to evaluate the reinforcing effect of boron carbide (B4C) loading. The representative stress–
strain curves and the corresponding Young’s modulus values are presented in Figure 7
(with individual and average tensile data provided in Tables S1 and S2, respectively).

As illustrated in Figure 7a, the incorporation of B4C up to 7 wt% progressively
enhances the ultimate tensile strength of the composites. The unreinforced denim–
cyanoacrylate composite (DSG) exhibited a peak stress of approximately 16.55 ± 0.63 MPa,
increasing to 17.41 ± 2.68 MPa at 4 wt%, and reaching its maximum value of 20.33 ± 1.33 MPa
at 7 wt% B4C, representing a notable improvement in the load-bearing capacity of the textile-
reinforced system. This strengthening is primarily attributed to the efficient load transfer
from the cyanoacrylate–denim matrix to the high-strength ceramic particles [49,50]. The
Young’s modulus (Figure 7b) followed a similar trend, increasing from 0.83 GPa (0 wt%)
to 1.03 GPa (4 wt%) and reaching a maximum of 1.17 GPa at 7 wt%, confirming that
the B4C particles effectively reinforce the polymer-fiber network up to this loading and
significantly increase the material’s rigidity [36]. For reference, the raw, unimpregnated
denim fabric (D) exhibited a highly non-linear stress–strain response characteristic of wo-
ven textile structures, with substantially lower strength and stiffness compared with the
cyanoacrylate-impregnated composites. This behavior highlights the significant contri-
bution of the cyanoacrylate matrix in improving load transfer efficiency and enhancing
the overall mechanical performance of the composite system. The high particle density
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observed in the SEM micrographs supports this, as the ceramic filler creates a robust
mechanical interlocking mechanism with the denim fibers. Interestingly, both the tensile
strength and the stiffness exhibited a marked decline at the 10 wt% B4C loading. The
Young’s modulus decreased to 0.83 GPa, indicating the loss of the stiffening effect provided
at 7 wt% B4C and matching the value of the unreinforced denim–cyanoacrylate composite.
In parallel, the ultimate tensile strength and strain at break were substantially reduced
compared to the 7 wt% sample. This simultaneous deterioration in both strength and
stiffness is consistent with a well-documented threshold phenomenon in composite science,
commonly associated with filler agglomeration [49–51], as supported by the SEM observa-
tions of particle clustering at this loading level (Section 3.4). Such agglomerates may act as
stress concentrators and microstructural heterogeneities, disrupting load transfer efficiency
and potentially promoting micro-crack initiation. However, agglomeration cannot be con-
sidered the only contributing factor, as variations in matrix impregnation quality, porosity,
fiber distribution, and specimen thickness were not independently quantified in this study
and may also have contributed to the observed decline in mechanical performance. The
lower Young’s modulus of DSGB-10 wt% is mainly due to B4C agglomeration and resulting
stress concentrations (Section 3.4). Although it has been tested with a slightly longer gauge
length (51 mm vs. 45 mm) without introducing systematic bias, future studies should
maintain a uniform gauge length to avoid any methodological ambiguity. Furthermore,
at this concentration, the matrix may become insufficient to fully wet and encapsulate the
high surface area of the particles and fibers, leading to weakened interfacial bonding and a
less cohesive, more defect-prone network overall [49].

A critical finding of this study is the contrast between the static (tensile) and dynamic
(impact) mechanical responses. Although the 10 wt% sample underperformed in terms
of both tensile strength and stiffness due to agglomeration-induced defects, it exhibited
the highest peak contact force (1.31 kN), reflecting maximum stiffness and direct load
transfer rather than optimal energy attenuation. This suggests that under high-velocity
impact, the sheer volumetric density of the B4C filler—rather than its uniform dispersion
or interfacial bonding quality—governs the energy-dissipation response, overshadowing
the structural weaknesses that dominate under slow-rate tensile loading [52]. In other
words, the stiffening response under impact is primarily governed by particle hardness
and packing density, whereas tensile performance is critically dependent on dispersion
quality and fiber–matrix adhesion—explaining why the two mechanical responses diverge
so markedly at high filler content.

To evaluate the mechanical and impact-response performance of the present com-
posites, a comparison with relevant literature analogs and protective-material bench-
marks is warranted. Recycled denim-reinforced polypropylene composites reported by
Webo et al. achieved tensile strengths of up to 57 MPa at high fiber fractions (84 wt%), al-
though their fabrication required hot-press processing and virgin thermoplastic
matrices [19]. Denim/PLA composites fabricated by hand layup exhibited tensile strengths
of up to 75.76 MPa and tensile moduli of 4.65 GPa using multiple fabric layers [53], while
denim/jute hybrid thermoplastic composites reported tensile moduli of approximately
2.1 GPa [54]. In comparison, the present denim–superglue–B4C (DSG) composites achieved
tensile strengths of up to 20.33 ± 1.33 MPa and moduli of up to 1.17 GPa at relatively low
B4C loadings. These lower mechanical properties compared with highly reinforced or multi-
layer systems are expected, considering the single-impregnation, room-temperature curing,
proof-of-concept fabrication approach adopted in this study. A potential limitation of this
screening study is the relatively small sample size (n = 3), which is sufficient to identify
material trends but should be considered when interpreting the absolute property values.
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The main advantage of the present DSGB composites lies not in achieving the highest
tensile performance, but in combining a simple, low-energy fabrication route, a fully waste-
derived denim substrate, and the incorporation of B4C reinforcement to provide enhanced
functional attributes, including hydrophobicity and impact-response characteristics. The
impact experiments performed in this study were conducted on small laboratory specimens
using an instrumented impactor that measured the contact force at the impactor–specimen
interface. Consequently, the measured force should not be directly compared with the
transmitted-force values specified in standardized protective equipment test methods,
which employ different specimen geometries, support conditions, transducer locations, and
testing protocols. The present impact results should therefore be interpreted as comparative
laboratory-scale measurements demonstrating the relative influence of B4C loading on the
impact response of the composites, providing a basis for further material optimization and
subsequent evaluation under standardized testing conditions.

4. Conclusions
The present study successfully demonstrated the development of a high-performance,

sustainable composite material through the upcycling of waste denim fabric into a
cyanoacrylate matrix reinforced with boron carbide (B4C) microparticles. Structural and
morphological analyses using XRD and SEM confirmed the effective encapsulation of
the fibrous network and the successful incorporation of the ceramic filler. However, a
transition toward localized particle agglomeration was observed at the 10 wt% loading
level. Mechanical evaluation revealed a distinct, non-monotonic relationship between filler
concentration and mechanical performance. A B4C loading of 7 wt% was identified as the
optimum composition for static mechanical performance, achieving a tensile strength of ap-
proximately 20.33 ± 1.33 MPa and a Young’s modulus of 1.17 GPa. Further increase in filler
content resulted in a deterioration of both properties, with the Young’s modulus decreasing
to 0.83 GPa, a value comparable to that of the unreinforced composite (0.83 GPa). This
decline likely reflects agglomeration-induced stress concentrations as a major contributing
factor, alongside other unquantified parameters such as impregnation quality, porosity,
and fiber distribution. Conversely, under dynamic impact loading, the material exhib-
ited a progressive transition from a more compliant response to a stiffer impact response,
with the peak contact force increasing monotonically from 0.34 kN (0 wt%) to 1.31 kN
(10 wt%). This increase in peak contact force is consistent with the increasing stiffness of
the composite resulting from B4C incorporation and reflects changes in the impact response
under the present experimental configuration. Because the force was measured at the
impactor–specimen interface, these values represent contact force and should not be di-
rectly compared with transmitted-force limits defined by standardized personal protective
equipment test methods. Furthermore, surface wettability characterization revealed a
significant enhancement in hydrophobicity following B4C incorporation, with the static
water contact angle increasing from 105 ± 4◦ (DSG) to 133 ± 4◦ (DSGB), consistent with a
Cassie–Baxter wetting regime promoted by the ceramic-induced surface microtopography.

Overall, this study presents a proof-of-concept strategy for upcycling textile waste
into value-added engineering materials, demonstrating preliminary improvements in me-
chanical, wettability, and impact-response characteristics. These findings indicate potential
for future protective textile applications; however, confirmation of practical relevance to
personal protective equipment requires standardized, full-scale testing and validation
beyond the scope of the present study.
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istics and tensile properties of the tested denim–cyanoacrylate composite specimens with different
B4C contents (0, 4, 7, and 10 wt%). Table S2: Mean geometric characteristics and tensile properties
of the tested denim–cyanoacrylate composite specimens with different B4C contents (0, 4, 7, and
10 wt% B4C).
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ANSI American National Standards Institute
ASTM American Society for Testing and Materials
B4C Boron Carbide
CEN European Committee for Standardization
COD Crystallography Open Database
DSG Denim–Superglue
DSGB Denim–Superglue–Boron Carbide
EDS Energy-Dispersive X-ray Spectroscopy
ISEA International Safety Equipment Association
PPE Personal Protective Equipment
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wt% Weight Percent
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