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Fiber-reinforced composites, despite their high strength-to-weight ratios, are still susceptible to damage.
Integrating self-healing matrices into these multi-phase materials offers a promising approach to extend
their service life and functionality while preserving mechanical performance across multiple damage-
repair cycles. In this study, we developed cost-effective composites using a van der Waals (vdW) driven
self-healing thermoplastic poly(methyl methacrylate/n-butyl acrylate) [p(MMA/nBA)] matrix reinforced
with high-strength polypropylene (PP) fibers. These materials can be utilized as the self-healing inner
layers in engineered multilayered H, fuel dispensing hoses. These studies show that a p(MMA/nBA) copo-
lymer matrix with a 50/50 monomer molar ratio reinforced with PP fibers wound at a 45° angle with
respect to the object’s longitudinal axes maintains its mechanical integrity after 25000 damage-repair
cycles. Combining experimental data with finite element analysis (FEA), these studies show that these
materials exhibit favorable stress distributions under bending loads over multiple cycles. The maximum
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stresses occur near the fixed end in the outermost layer, while the innermost layer experiences the lowest
stresses. The self-healing is effective over a wide temperature range from —-196 °C to +85 °C, making
them suitable components for demanding, complex energy applications in H, fuel storage and larger
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Introduction

Due to exceptional strength-to-weight ratios, fiber-reinforced
composites are high-performance materials widely used across
various industries. Nevertheless, they remain susceptible to
damage, which typically occurs through two primary mecha-
nisms: mechanical failure due to external loads or fatigue-
induced degradation. In most cases, the polymer matrix and/
or the fiber-matrix interface represents the weakest link in the
composite structure and is often prone to irreversible damage.
To enhance the longevity and functionality, incorporating a
self-healing matrix in composites has emerged as a promising
strategy. While the concept of self-healing composites is
appealing, not all polymers are suitable for this purpose. In
addition to the durability and retention of mechanical per-
formance over time provided by the polymer matrix, adequate
fiber-matrix interfacial adhesion is critical. Several excellent
review articles'™ and books* have elaborated on this topic.
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With these considerations in mind, the development of
polymer matrices, both thermoset and thermoplastic, or more
recently, covalently adaptive networks (CANS), offers new possi-
bilities for enhancing the durability and broadening the appli-
cation scope of fiber-reinforced composites. Of particular
interest are matrices that function in challenging chemical or
physical environments, which, upon mechanical or electrical
stress,” typically initiated by the formation of microvoids, are
capable of self-healing. Although the most commonly used
polymer matrices in composite fabrication are thermosets,
including but not limited to epoxies,® phenolics,” poly-
urethanes,® and polyesters,” modifications are required to
achieve self-healing.'®

Due to their excellent resistance to puncture and crack
propagation, epoxy resins are particularly prevalent in the aero-
space, ballistic, and automotive industries. Their strong
adhesion to a wide range of fiber reinforcements, including
glass, carbon, and natural fibers, is desirable. Polyester
matrices, another widely used class of thermosets, are often
reinforced with natural fibers that offer high stiffness,
enabling the production of low-cost, high-strength composites.
For instance, reinforcing polyesters with natural cellulose
fibers significantly enhances both impact resistance and flex-
ural strength,"" and to further enhance the tensile and flexural
properties, these matrices are often reinforced with basalt and
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glass fibers."> Although the concept of self-healable hollow
fibers containing reactive components has been proposed,
their practicality may be limited.

Phenolic resins provide thermal stability up to approxi-
mately 400 °C and are often combined with carbon fibers to
produce composites with exceptional mechanical strength for
high-temperature stability."*'* Although polyurethanes are not
traditionally used as composite matrices, recent innovations
involve UV-induced self-healing polyurethanes,'®'® as well as
acid-modified cross-linked polyurethane networks.'®'” The
latter have demonstrated the ability to form high-strength
composites with durable fiber-matrix interfaces. While con-
tinuous fibers are commonly employed in composite develop-
ment, the integration of carbon nanotubes into polyurethane
matrices has been shown to significantly improve both
modulus and tensile strength."®

Commonly utilized fiber-reinforced thermoplastic matrices
are polyamides,'® polyethylene,?® and polyether ether ketones
(PEEK).>* Among these polyether ketones, those with a semi-
crystalline nature are notable for their high thermal resis-
tance.”” When reinforced with carbon fibers,>® PEEK compo-
sites exhibit outstanding mechanical properties** and biocom-
patibility, making them suitable for biological applications,>
particularly in 3D printing.>®

Although high-density polyethylene matrices reinforced
with ultra-high molecular weight polyethylene (UHMWPE)
exhibit excellent mechanical performance partly due to the
strong interfacial bonding, many thermoplastics lack reactive
groups necessary for desirable interfacial bonding to enhance
fiber-matrix adhesion.?” Thus, thermoset matrices remain the
most commonly used despite their limited processability. To
overcome these drawbacks, a new class of thermosets known
as covalent adaptive networks (CANs) has been developed,
which features dynamic covalent bonds that enable
recyclability.®* Recent studies demonstrated that recyclable
epoxy-based CAN matrices can be utilized in carbon fiber com-
posites, where transesterification reactions facilitate their
reprocessibility.** Although the potential of CANs in compo-
sites has not been fully exploited, they offer a promising oppor-
tunity to combine the benefits of thermoset and thermoplastic
materials.

Although thermoplastic styrene and acrylic-based®” %’
copolymers, especially those with preferentially alternating/
random copolymer topologies, exhibit self-healing properties,
their potential use in composites as matrices is unexploited.
These commodity copolymers have been utilized in various
other applications; this however, when incorporated into a
larger, multilayered composite system, they can serve practical
functions in challenging environments. One promising option
is as the inner layer of H, fuel dispense hoses.’” The overall
durability of these composite hoses is often limited by inner-
layer cracking, which is the most common mode of failure.
Thus, embedding a self-healing capability may significantly
extend the overall service life of the usually costly fuel dispen-
sing hoses. In this study, we developed and fabricated self-
healable composites comprising self-healing
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acrylic-based matrices and high-strength polypropylene (PP)
fibers. The ultimate goal is to create a p(MMA/nBA)-PP
reinforced inner-layer composite that retains mechanical integ-
rity and undergoes renewable self-healing after 25 000 cycles.
This target surpasses the typical lifespan of ~10 000 cycles for
a commercial fuel dispenser hose.*"**> This work pioneers the
integration of commodity self-healable polymer into a
complex, multilayered system specifically engineered for chal-
lenging environments.

Results and discussion

While SI provide synthetic details of p(MMA/nBA) copolymers,
the first step in this study was to assess whether p(MMA/nBA)
copolymer films with a monomer molar ratio of ~50/50 can
recover after 25000 damage-repair cycles (or cuts). Fig. 1A
depicts the repeating unit of this copolymer and the incorpor-
ation of PP fibers. To visually assess the ability to self-heal,
optical images collected after ~1000 Fig. 1(B) and 10 000 Fig. 1
(C) damage-repair cycles show effective recovery. Extending
these experiments to 25 000 cycles Fig. 1(1D1 and 1D2) further
confirms the visual recovery from mechanical damage. To
support the visual assessments, stress-strain analysis demon-
strated that mechanical properties are recovered. Fig. 1E illus-
trates the recovery of elastic modulus (E) and maximum strain
(emax) after 25 000 damage-repair cycles and, as summarized in
Fig. 1F, the E and &« values after 25 000 damage-repair cycles
recover >184 and 85% of their original values, respectively.
Typically, the E and e;,.x % > 85% recovery is considered self-
healable.*>** To confirm that the chemical integrity is main-
tained, '"H NMR measurements were conducted before and
after 25000 cycles (SI) showing no detectable chemical
changes.

These copolymers were used to fabricate p(MMA/nBA)-PP
composites through a winding process (SI; Fig. S1, S2; Tables
S1, S2). To optimize the fabrication parameters, tensile tests
were conducted on composites fabricated with varying
winding angles. As shown in Fig. 2A, for comparison, curve a
shows the stress-strain analysis (using a 100 kN load cell) of
control copolymer films (curve a), an inner layer composite
produced at the fiber winding angles of 45° (curve b), 60°
(curve ¢) and 75° (curve d), which exhibit enhanced moduli.
Notably, p(MMA/nBA) films have lower intrinsic strength (~2
MPa) than fiber-reinforced composites (~12 MPa). The cross-
sectional area (4) for polymer films was ~0.3 mm?, whereas it
was ~20 mm?® for composite films. A high load (100 kN) com-
bined with the inefficiency of the polymer film cross-section to
distribute it, quickly exceeds the polymer film’s yield and ulti-
mate strength leading to premature fracture at lower elonga-
tion. Moreover, the composite with a winding angle of 90°
(curve e) has a modulus lower than that of the copolymer film
(curve a), which is likely attributed to inter-layer delamination.
Among these composites, the prototype inner tubing fabri-
cated at a 45° winding angle demonstrated the best balance of
mechanical properties and was selected for further analysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Polypropylene (PP) fibers embedded in p(MMA/nBA) copolymer matrix to form a composite interface consisting of p(MMA/nBA)-PP (A).
Optical images of damaged and self-healed after 1000 (B), 10 000 (C), and 25000 (D1 and D2) damage-repair cycles. Stress—strain analysis per-
formed using a 1 kN load cell for intact (purple) and after 25000 damage-repair cycles (orange) p(MMA/nBA) copolymers (E). A summary of
mechanical properties for p(MMA/nBA) before and after 25 000 damage-repair cycles (F).

These results agree with previous assessments that, at these
angles, the interlaminar shear strength arising from applied
shear and strain in overlapping layers is evenly distributed,
thus avoiding early failures in tensile modes.*’

To mimic the damage-repair cycles of an inner layer compo-
site as closely as possible to actual usage conditions, we
applied bending motion using a robotic arm (SI, Fig. S4). This
setup enables repeated damage-repair cycles on both self-heal-
able and non-self-healable inner-layer composites. As shown
in Fig. 2B and C, after 25000 damage-repair cycles, the self-
healing inner layer composite recovers ~117% of its E and
71% of é&max values (Fig. 2C). This enhancement directs
towards the enhanced fiber wetting and stronger inter-layer
adhesion during damage-repair cycles. Although fiber-matrix
adhesion is beyond the scope of this study, relaxation pro-
cesses of macromolecular segments near the interfacial
regions resulting from external physical perturbations (temp-
erature, pressure) remains to be determined. The stress-strain
analysis results confirm that the mechanical integrity is main-
tained, and 'H NMR analysis (SI, Fig. S5) identified no chemi-
cal changes or degradation before and after 25000 cycles. In
contrast, composites with a non-self-healing copolymer matrix
exhibit only 65% and 60% recovery of the initial £ and éenay,
respectively, indicating that their mechanical properties cannot
fully return to their original values (SI, Fig. S6 and Table S4).

Since bending is expected during actual use, assessing the
stress distribution in self-healing and non-self-healing
P(MMA/nBA)-PP composites was conducted. To simulate how

© 2026 The Author(s). Published by the Royal Society of Chemistry

these inner-layer composites respond to bending, finite
element analysis (FEA) simulations® were conducted using a
three-layer composite with both self-healing and non-self-
healing matrices. A 30 N bending force was applied to the free
end, while the opposite end was fixed (SI). Although actual
tubular shape will undergo spatially complex stresses and
temperature gradients, the purpose of the model approach uti-
lized in this study was to formulate a baseline how localized
stresses are generated upon damage. As shown in Fig. 2D, the
stress distribution (red = high, blue = low) reveals that for self-
healing composites, the maximum stresses occur near the
fixed end, reaching ~35 x 10 N m™> (point stress; 20 x 10" N
m~? through the wider region) in the outermost layer. In con-
trast, the innermost layer experiences the lowest stress at
~0.5 x 107 N m™> (Table S6). All layers in the self-healing com-
positions show reduced stress at the bent (right) end of the
structure, as illustrated in Fig. 2D. The H, fuel inner layer
undergoes a severe temperature cycle from —196 °C to 85 °C.
Although at lower temperatures segmental mobility prohibits
self-repair, elevated temperatures accelerate it.

The parallel analysis of non-self-healing matrices, shown in
Fig. 2E, revealed that the middle layers also experience the
higher stress, reaching up to a wider region of 1.8 x 10’ N m~>
stress (compared to 0.9 x 10° N m™> for the middle layer for
self-healing composite). In contrast, the inner layers had lower
stress values of ~0.5 x 10’ N m™> for both the composites.
These elevated stress values in the middle layers are attributed
to the non-self-healing matrix, which resists deformation at
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Fig. 2 Stress—strain curves obtained using a 100 kN load cell for self-healable 50/50 p(MMA/nBA) copolymer films (a), prototype inner layer com-
posite hose with 45 (b), 60 (c), 75 (d) and 90° (e) winding angles (A). Stress—strain curves for intact and repaired prototype inner-layer composite
hoses after 25000 cycles of damage-repair using a robot arm (B). Mechanical properties of intact (curve a) inner layer composite hose and after
25000 damage-repair cycles (curve b) (C). Von Mises stress distribution in individual layers of the self-healing inner layer composite after appli-
cations of a 30 N bending force on the free end (right side) (D). Von Mises stress distribution in individual layers of the non-self-healing inner layer
composite after application of a 30 N bending force on the free end (E). Each side color bar represents the stress distribution in the composite hose,
with the maximum stress at the top (red) and the lowest at the bottom (blue).

the free end, ultimately leading to catastrophic failure. In con- H, fuel is typically stored at approximately —250 °C, but its
trast, the self-healing matrix inner layers maintain mechanical operational temperatures range from —80 to +100 °C.*”"*®
integrity through ~25 000 bend-release damage-repair cycles. Thus, to assess how temperature affects the self-healing
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efficiency, mechanical damage was induced to the inner-layer
composite using a 250 mN force. Optical images of the compo-
site hose are shown in Fig. 3: the undamaged composite
(Fig. 3A), after exposure to liquid N, for 2 hours at —196 °C
(Fig. 3B), at ambient temperature (25 °C, Fig. 3C), and at 85 °C
(Fig. 3D). After freezing, no healing was observed due to
reduced segmental macromolecular mobility, and minor
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surface cracks appeared as the material became brittle
(Fig. 3B). At 25 °C, partial healing with a noticeable reduction
in damage depth occurs (Fig. 3C), but at 85 °C self-healing
takes place (Fig. 3D). The H, fuel inner layer undergoes a
severe temperature cycle from —196 °C to 85 °C. Although at
lower temperatures segmental mobility prohibits self-repair,
elevated temperatures accelerate it. The retention of mechani-
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surface of the prototype hose at 21 °C ambient (C), and visually self-healed surface of the prototype inner layer composite hose at 85 °C tempera-

tures (D). Distribution of stresses in extracted individual three composite

layers carrying H; in COMSOL at —40 (Al and A2), 0 (B1 and B2), 25 (C1 and

C2), and 85 °C (D1 and D2) conditions. In these simulations, the bottom left layer represents the innermost layer, the bottom right represents the

middle layer, and the outer layer is shown at the top.
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cal and chemical integrity is demonstrated in tensile measure-
ments and "H NMR analysis, as summarized in the SI (Fig. S7,
8 and Table S6).

Parallel molecular dynamics (MD) simulations were per-
formed to identify the effect of H, gas on the self-healing of
50/50 MMA/nBA copolymers. Since the total cohesive energy
density (CEDioa) is the measure of the energy required to
remove a separate macromolecule from its environment, it is
anticipated that the presence of H, will diminish this energy.
Additionally, as the H, increases, higher inter-chain separ-
ations will lower its values as well as the van der Waals (vdW)
contributions to CEDyya (CEDyaw). As shown in SI Fig. S16,
the values for CED;, and CED,qw decrease upon the addition
of H, because copolymer chains are separated from each other
upon the addition of H, molecules, thus lowering the energy
of interchain interactions. From the mechanistic standpoint,
the drop of the CED values signifies enhanced chain mobility.
Upon removal of H,, the subsequent increase in CED values
correlate with recovery inter-chain vdW interactions respon-
sible for reversible self-healing.?”

Another property of interest for these applications is the
heat transfer efficiency of the inner layer. To identify the ther-
momechanical behavior of these composites under various
stress and strain conditions across their cross-sections, a
finite-element macroanalysis was conducted.*® The resulting
stress distributions for each composite layer carrying H, under
deformation at temperatures of —40, 0, 25, and 85 °C are
shown in Fig. 3A1, A2, B1, B2, C1, C2, and D1, D2, respectively
(Table S7 provides further details). At —40 °C (Fig. 3A1 and
A2), overall compression occurs, with the outermost layer exhi-
biting the highest stress of 4.5 x 10’ N m~>, while the inner-
most layer experiences the lowest stress of 0.11 x 10’ N m 2. In
contrast, at 0 °C (Fig. 3B1 and B2), the innermost layer carries
the highest stress of 18 x 10" N m~?, which gradually decreases
to 12 x 10° N m~? toward the outer layer. A similar pattern is
observed at 25 °C (Fig. 3C1 and C2), where the stress levels
reach a maximum of 18 x 10" N m~? in the innermost layer
and drop to 9 x 10" N m™? in the outermost layer. At 85 °C
(Fig. 3D1 and D2), the innermost layer continues to carry the
maximum stress of 18 x 10° N m™~?, while stress in the outer-
most layer decreases significantly to 0.9 x 10’ N m™2. The ring-
like stress patterns observed at the inner edges are attributed
to the winding, particularly when transitioning from +45° to
—45° angles by 90°. Previous studies have shown that poor
heat transfer correlates with higher von Mises stress in in-
organic crystals. For materials with low thermal conductivity,
such as p(MMA/nBA), heat is not distributed evenly. Thus, the
layer in contact with the heat expands, whereas other layers
remain cold. This difference in expansion causes higher stres-
ses at the interface of two layers, leading to poor heat transfer
efficiency. These data show that at —40 °C the innermost layer
exhibits better heat transfer. In contrast, at elevated tempera-
tures, the outermost layer becomes more efficient, as indicated
by the higher stress values, suggesting that layers of this com-
posite exhibit efficient heat transfer under variable thermal
conditions in the presence of H,.
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In summary, these studies demonstrate the fabrication of
self-healable inner-layer fiber-reinforced composites using a
preferentially alternating/random 50/50 p(MMA/nBA) commod-
ity copolymer matrix capable of self-healing recovery after
more than 25 000 damage-repair cycles. While this work estab-
lishes the preliminary mechanical robustness and self-healing
ability, future efforts focused on optimizing mechanical pro-
perties will further validate the long-term reliability of these
systems. The multilayer composites are promising components
of larger engineered systems for H, fuel delivery and dispen-
sing, retaining mechanical and chemical integrity at extreme
conditions.”® Favorable stress distributions and heat transfer
during multiple deformations make them cost-effective and
efficient elements for next-generation materials in energy
applications.
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