Downloaded from https://www.pnas.org by NORTH CAROLINA STATE UNIVERSITY; NCSU HUNT LIBRARY on January 9, 2026 from |P address 152.7.224.46.

PNAS

ENGINEERING

Check for
updates

Self-healing for the long haul: In situ automation delivers
century-scale fracture recovery in structural composites

Jack S. Turicek® @, Zachary J. Phillips®, Kalyana B. Nakshatrala“(2}, and Jason F. Patrick®®’

Affiliations are included on p. 8.

Edited by David Weitz, Harvard University, Cambridge, MA; received September 1, 2025; accepted November 24, 2025

Nature’s structural composites, such as bone and wood, achieve mechanical perfor-
mance through hierarchical multimaterial design. Though, their real vantage lies
in the exceptional ability to repeatedly heal after damage. Synthetic fiber-reinforced
polymer (FRP) composites also leverage material hierarchy via fibrous reinforcement
encapsulated within a polymer matrix, maximizing stiffness and strength. However,
the layered architecture of laminated FRP composites makes them vulnerable to
interlaminar delamination—debonding of fibers from the matrix—which significantly
compromises structural integrity. Recently, we introduced a self-healing strategy via
in situ heating, where soft yet tough thermoplastic inclusions achieve interlaminar
fracture recovery via polymer chain re-entanglement, i.e., thermal remending. Here,
in our latest embodiment, by automating in situ thermo-mechanical experiments, we
achieve an order-of-magnitude enhancement in self-healing repeatability—reaching
an unprecedented 1,000 cycles. Healing begins at 175% and slowly declines to 60%
of the mode-I fracture resistance of a plain (nonhealing) composite, revealing unique
chemo-physical mechanisms that govern this behavior. Both fiber-debris accumulation
in the molten poly(ethylene-co-methacrylic acid) (EMAA) healing agent, and waning
interfacial chemical reactions between the EMAA and epoxy matrix, contribute. A
Weibull distribution capturing this complex fracture recovery predicts an asymptotic
healing limit above 40%, suggesting sustained repair is possible. Translating these
newfound thermal remending results into real-world context, a modest quarterly self-
healing schedule could maintain interlaminar fracture repair of FRP composites for
over 125 y—well beyond the typical design life of many modern structures including
aircraft and wind turbines. Thus, this latest self-healing paradigm effectively eliminates
delamination as a failure mode.

self-healing | fiber-composites | fracture

Composites combine different materials leveraging the unique advantages of each
constituent, such as stiff/strong fibers providing load carrying capacity while an
encapsulating matrix facilitates force transfer. Composite constructions are prevalent
throughout nature, for instance, in the osseous tissue (i.e., bone) of vertebrates
composed of hydroxyapatite-mineralized collagen (1), or cellulose microfibrils within
the hemicellulose/lignin matrix of woody plants (2). In addition to providing mechanical
integrity, biological structural composites also feature the ability to heal various types
of injuries (e.g., fracture), and repeatably throughout the lifetime of the host organism
(3-5). In this work, we sought to resolve the query: Is it possible for synthetic composites
to achieve healing that is as robust and repeatable as natural counterparts? And if so,
can we uncover the governing mechanisms and predict self-repair performance to guide
engineers and designers in translating these materials into practical applications?

To that end, we demonstrate self-healing in FRP composites with unprecedented
repeatability—sustaining 1,000 healing cycles, an order of magnitude beyond previous
reports. To accelerate discovery, we developed an automated in situ electro-thermo-
mechanical testing setup through integrated device and measurement systems. In contrast
to the previously postulated “healing plateau” (6), our latest results reveal a progressive de-
cline in fracture recovery, driven by synergistic chemical and physical aging mechanisms.
Further analysis reveals that the experimental data closely follow a Weibull distribution.
Extrapolation using this model predicts that recovery performance asymptotically
approaches a nonzero lower bound (40%), thereby supporting the notion of sustained
healing. Importantly, the acquired data forecast lifetime extensions ranging from 125 to
500y under conservative healing and maintenance schedules—far exceeding the typical
40-y design life of modern composite infrastructure (e.g., aircraft). These findings provide
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compelling evidence that our in situ thermal remending approach
effectively eliminates the most critical failure mode in FRP
composites—interlaminar delamination (7, 8).

Since their introduction in the 1930s, fiber-reinforced polymer
(FRP) composites have been extensively adopted, primarily due
to their superior material properties—namely, high specific
stiffness and strength, as well as corrosion resistance—making
them ideal for infrastructure across acrospace, naval, and wind-
energy sectors, to name a few (9-12). However, the hierarchical
architecture that imparts desirable structural attributes also
makes FRP composites inherently vulnerable to complex damage
(13-16). The associated damage modes range from fiber breakage
to micron-scale matrix cracking between individual fibers to
millimeter-scale delaminations that separate adjacent reinforcing
plies (17, 18). Unlike biological materials, synthetic composites
generally lack self-repair capabilities. Consequently, without
timely manual intervention, damage accumulation leads to
progressive deterioration of structural integrity and performance,
which can ultimately result in catastrophic failure. Moreover,
interlaminar delamination—often referred to as the most life-
limiting damage mode (7, 8)—occurs subsurface, making it dif-
ficult to detect through visual inspection alone. While advanced
nondestructive evaluation (NDE) techniques are available, their
effectiveness varies and is often limited by the damage type and
material heterogeneity (19, 20). Even if damage is located, current
repair methods are labor intensive and usually involve removing
larger portions than the affected region or complete component
replacement, which is economically and environmentally costly
(21, 22) given that fiber-composites are inherently difficult
to recycle (23). To overcome these limitations, and drawing
inspiration from nature’s evolutionary elegance, diverse self-
healing strategies have been developed over the past two decades
to extend the useful lifetime of synthetic polymer and polymer-
matrix composites (24, 25).

Mimicking osteonic canals in cortical bone and xylem/phloem
in plants—which transport fluids for nutrient delivery and
damage  response—bioinspired  microvascular  strategies
avail fracture-triggered release of reactive healing agents to
autonomously fill and repair internal damage through in situ
polymerization (26, 27). However, vascular-based and other
“extrinsic” self-healing approaches that sequester an external
agent [such as microcapsules (24, 28) or hollow fibers (29-31)]
face limitations in repeatability due to the finite supply of healing
agents, accumulation of polymerized “scar tissue” that impedes
flow, and the inability to regenerate fluidic conduits, unlike
biological systems (32, 33). “Intrinsic” self-healing strategies,
by contrast, leverage reversible chemistry within a material to
establish bond reformation after damage (34, 35). For example, in
soft materials (e.g., gels) interfacial contact alone is often sufficient
to facilitate intrinsic repair (36-40), but for structural polymers
(e.g., thermosets), external energy input such as heat or light is
normally required (41-44). Such intrinsic approaches alleviate
scarring from foreign agents, promoting repeatability, and can
operate on faster time scales than biological healing (minutes
vs. days). A hybrid extrinsic/intrinsic self-healing approach
requiring heat-activation and termed “thermal remending” has
emerged for thermoset-matrix (e.g., epoxy) composites, whereby
an external healing agent (e.g., thermoplastic) melts upon heating
and solidifies upon cooling to provide fracture self-repair to the
structural host (45-48). However, over the past 25y, reliable and
repeatable in situ self-healing in structural FRP composites has
proven to be a formidable challenge due to experimental testing
limitations and ex situ repair procedures (e.g., in an oven),
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along with difficulties finding fully compatible material
systems (49).

Departing from status quo, in this work, we achieve sustained
self-healing in FRP composites via a) thermal remending of a
thermoplastic healing agent that is highly compatible with the
native epoxy matrix, b) in situ heating leveraging embedded
(electrically) resistive heaters, and c) integrated thermo-electro-
mechanical testing protocol to automate the in situ experimen-
tation (i.e., within the load frame). These innovations together
enabled unprecedented repeatability in fracture recovery: 1,000
cycles—an order of magnitude greater than the current state-of-
the-art (6).

Our healing agent, poly(ethylene-co-methacrylic  acid)
(EMAA) is a remendable copolymer, particularly well-suited
for self-healing in thermoset epoxy-matrix composites owing to
high fracture resistance (i.c., toughness) and strong interfacial
bonding, sufficient melt flow for confined crack filling, and
reformable ionic/hydrogen bonds at temperatures below the glass
transition temperature (7,) of the composite matrix, thereby
preserving structural integrity during repair (50-53).

During thermal curing for epoxy cross-linking, covalent bonds
form at the EMAA/epoxy interface enhancing the adhesion
of the EMAA to the surrounding composite (Fig. 14) (54).
This strong bonding not only enhances fracture toughness,
but it also directs damage to propagate cohesively through
the thermoplastic domains resulting in EMAA on opposing
fracture surfaces (Fig. 1B) (54, 55). A second condensation
reaction initiated during curing produces small water bubbles
which later vaporize during healing (>100 °C) to enact the well-
documented EMAA pressure delivery mechanism—evidenced by
a microporous network that also enhances crack tortuosity (i.e.,
fracture toughness) (51, 52). As the microporosity expands, it
physically spreads EMAA and drives the molten polymer into
multiscale cracks to enhance healing performance. Polymer chain
entanglement [via hydrogen and ionic interactions (6, 53, 54)]
rebonds fractured interfaces (Fig. 1C) for effective self-repair.

To our knowledge, only a few prior works (56, 57) and our own
investigations (6, 53, 55, 58) have achieved in situ self-repair (e.g.,
via resistive heating), where others pursued ex situ healing (e.g., in
an oven). Moreover, repeatability has remained a technical hurdle
and has largely been limited to five (54, 59-61) or ten cycles (62),
often with rapidly decaying performance. A recent study by our
group investigated the evolution of these operant mechanisms
over 100 in situ heal cycles (6), discovering EMAA microporosity
cessation sooner in carbon- than glass-fiber composites owing to
different surface chemical groups. Self-healing in each appeared
to plateau—around 60% and 80% (relative to the virgin fracture
resistance), respectively—by the centenary test cycle. Thus, it
remained speculative that consistent self-healing would persist
with subsequent cycling well-beyond this limit. However, the
one hundred self-healing cycles—ten times any prior study at
the time—was achieved by manual testing that took one month
to complete for one sample and thus was not very practical to
assess another order of magnitude (i.e., 1,000 cycles) in the same
manner, which would have taken nearly a year to complete one
experiment.

In this work, we developed an automated testing protocol
by integrating electro-thermo-mechanical devices and measure-
ments, enabling significantly accelerated data collection. This
rapid testing approach allowed us to extend self-healing studies
to 1,000 cycles, reducing the experimental timeline from twelve
to just over one month. Beyond enabling high-throughput testing
with exceptional repeatability, this innovation also provided
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Fig. 1.

Fiber-composite fracture and self-healing behavior. 3D-printed EMAA thermoplastic domains (blue color overlay) within the midplane of a glass-fiber

epoxy-matrix composite laminate: (A) before damage, (B) post fracture, and (C) after self-healing via in situ thermal-remending (Scale bars, 0.5 mm).

newfound data critical for analyzing the long-term behavior
of self-healing. As a result, we uncover previously inaccessible
insights into the fundamental mechanisms governing self-repair,
phenomena that had remained obscured due to prior limitations
in testing methodology. Contrary to our prior healing plateau
hypothesis (6), we reveal a steady decline in fracture recovery
(from 175% to 60% of a plain glass-fiber composite) resulting
from intertwined chemo-physical “aging” mechanisms. Extrapo-
lations beyond the experiments—made by fitting the test data to a
Weibull distribution—show asymptotic behavior that never falls
below a minimum threshold of 40%, thus supporting the notion
of sustained repair. Practically, we determine the maximum cycle
count where healing remains above plain composite fracture
resistance (i.e., 100%), resulting in lifetime extensions rang-
ing from 125 to 500 y—for conservative healing/maintenance
schedules—that now far exceed the typical design life of modern
structures (<40y). Thus, we believe to have finally shown that
this in situ thermal remending strategy can eliminate inter-
laminar delamination as the most critical failure mode in FRP
composites (8).

1. Results and Discussion

1.1. Automated Fracture Testing. To reach 1,000 test cycles in
a reasonable time (*40d), laboratory automation of mode-I
fracture and thermal-based self-healing is developed. The
damage-repair cycling is controlled via an in-house Python code
that coordinates multiphysics (mechanical, thermal, electrical)
equipment as detailed in Fig. 24. An electromechanical test
frame, with signal outputs read by a digital multimeter (DMM),

applies displacement-controlled tensile loading to propagate a
mode-I midplane delamination in a double cantilever beam
(DCB) fracture specimen. During in situ healing, a DC power
supply wired to resistive heaters embedded in the composite DCB
provides electrical power for Joule heating, while an overhead
infrared (IR) camera records the top surface temperature for
on-the-fly calculations to preserve constant power input (i.e.,
heat flux) under changing conditions (i.e., electrical resistance).
In-depth details regarding the test setup and hardware/software
integration are provided in S/ Appendix, section S1.

Fig. 2B provides a flowchart that illustrates the various
steps/sequences to complete one test cycle, including fracture,
resistive heating (which enables thermal remending for self-
healing), and convective cooling; Fig. 2C shows fracture/heal
cycle timing as well as the associated control signals. The test cycle
begins with Step (D): the Python code enacting displacement-
controlled loading via the electromechanical load frame. The
DMM monitors the crosshead displacement to: 2) detect when
motion has begun, then taking displacement readings over the
next 10 s to (3 determine via linear regression the precise
displacement rate applied during loading. In Step @), a relay
then switches the DMM from monitoring displacement to force
from the load cell in the test frame. In order to halt loading at
a target incremental crack length (Aa) of 50 mm for each cycle,
the first (i.e., virgin) fracture cycle is conducted manually, where
the crack length is visually observed from below owing to the
translucent sample. Then for subsequent “automated” testing, the
instantaneous force vs. displacement is measured, and in Step (5
compared to the virgin fracture unload curve (SI Appendix,
section S2) ensuring the crack is propagated to the same length in
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Fig. 2. Automated fracture/healing test protocol. (A) Flowchart of thermo-electro-mechanical signal acquisition and related actuation (Scale bar, 25 mm);
(B) Automation control steps and logic for a single fracture/heal cycle; (C) (Top) Cycle timing schematic depicting mechanical loading and unloading, in situ
resistive (i.e., Joule) heating, and natural convective cooling; (Bottom) Signal control diagram.
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each cycle. Once the load-displacement response for the current
cycle reaches the prescribed crack length (i.e., Aa = 50 mm),
a signal is sent to the load frame to initiate Step (©): unloading
the sample to zero crosshead displacement and closing the crack
before healing commences. The 50 mm crack length and closure
condition are selected in accordance to the ASTM standard (63).
In Step @, in situ heating is achieved by supplying ~12 W
to the embedded resistive heaters via the DC power supply.
This raises the maximum surface temperature (as monitored via
the IR camera) to a target value of 130 °C, which is below the
glass-transition temperature of the composite (7, ~140°C) to
maintain structural integrity while healing. During Joule heating,
the Python code continually records the voltage and current
input to the heaters and automatically makes electrical current
adjustments via the DC power supply to compensate for heater
resistance fluctuations from thermal changes, thus maintaining
a constant input power (i.e., heat flux). Heating is maintained
for 15 min, followed by Step ®: 30 min of natural convective
cooling to room temperature (RT) before the next fracture/heal
cycle begins. One complete test cycle takes approximately 1h,
which is significantly faster than prior vascular healing cycles that
take multiple days (64, 65). Thus, this latest automated in situ
self-repair strategy can accomplish 1,000 heal cycles in just over
one month of continuous testing.

1.2. Sustained In Situ Self-Healing. In our prior work, which
achieved 100 nonautomated heal cycles, the restoration of
fracture resistance (i.e., Gic) appeared to plateau just above 80%
of the virgin value (6). In that work, we hypothesized that self-
healing would remain consistent beyond 100 cycles, but at the
time, did not have the capabilities to generate sufficient evidence
to validate such a claim. Thus, our aim with the present study
is to leverage the latest automated fracture/healing protocol and
extend the number of test cycles well beyond one hundred, in
order to: i) evaluate the hypothesized perpetuity of in situ thermal
remending, ii) determine any new mechanisms that affect fracture
recovery under continued cycling, and iii) reveal whether self-
healing on the order of modern composite structures’ design
life is possible. In short, we found that healing is sustained well
beyond typical composite lifetimes, however with slowly waning
recovery due to newly uncovered chemo-physical mechanisms
discussed in subsequent sections.

Fig. 34 shows a double cantilever beam (DCB) specimen
under tensile loading with a mode-I fracture (i.e., delamination)
propagating along the EMAA-containing midplane. After the
first fracture/heal cycle, the automated in situ testing protocol
continues cycling the DCB to 1,000 cycles—for which the me-
chanical response (i.e., force-displacement) curves are provided
in Fig. 3B. Initially, the force—displacement behavior increases
linearly (as the composite arms bend elastically) until a midplane
delamination propagates from the precrack, evidenced by a
steady drop in force with crack growth. The nearly overlapping
unload curves signify high reliability of the automated thermo-
mechanical testing, more so than what is possible with manual
testing. Consistent behavior is observed across cycles, with a
gradual reduction in healed fracture resistance depicted by the
shrinking area contained within the force—displacement curves.
Mode-I fracture performance for each cycle is quantified by
the critical strain energy release rate (Gjc)—a measure of the
energy (AU) required to propagate the crack—and compared
in Fig. 3C to prior state-of-the-art EMAA-based self-healing
composite technologies from: 2016 with 5 heal cycles (54) and
2022 with 100 heal cycles (6). It should be emphasized that
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plain composite control samples (containing no EMAA) exhibit
negligible fracture recovery after in situ heating at the same
temperature (i.e., 130 °C), which is below the Y:g of the cross-
linked epoxy limiting matrix molecular mobility for recovery.
The virgin fracture resistance of the present EMAA-modified
composite (Gic = 1,333 J/m?) is roughly threefold higher than
a plain composite (~430 J/m?). Maximum healing (i.e., Gic
recovery) occurs at test cycle 7, due in large part to molten
EMAA spreading, and is above 230% of the nonhealing plain
composite control. The fracture recovery then slowly declines,
reaching 180% by heal cycle 100 and 60% by cycle 1,000. The
higher Gic healing response reported by Snyder et al. (6)—up
to 100 cycles—using the same woven glass-fiber reinforcement
and 3D-printed EMAA material/pattern/process, is attributed
to a different epoxy matrix, which highlights the importance
of chemical interactions between the healing agent and host
matrix (53). Despite lower Gic values for the first hundred cycles,
the latest self-healing data spanning 1,000 cycles, shows a slow
but diminishing decline in fracture recovery. In fact, for the
last hundred cycles, the average healed fracture resistance only
decreases at a rate of ~0.1%/cycle, indicating that recovery may
eventually plateau as originally hypothesized in 2022, but at a
much greater cycle count. Better understanding of the governing
physical and chemical mechanisms responsible for the observed
healing behavior is necessary to further support such a perpetuity
prediction.

1.3. Physical Healing Mechanisms. To investigate the physical
mechanisms (at different size-scales) that may impact healing
performance over extended cycling, both optical and electron
microscopy are performed. Optical images shown in Fig. 3D,
Top row reveal a crack plane with fairly uniformly distributed
matrix/fiber/EMAA domains over the first 10 heal cycles. How-
ever, as the 100th cycle is reached, there is noticeably more glass-
fiber topology on the fracture surface, which becomes even more
apparent by heal cycle 1,000. We believe that this increased fiber
prominence is the result of: i) EMAA strongly adhering to the
epoxy matrix that is debonded from the underlying reinforcement
during fracture and ii) continual fiber-bridging/rupture that
increases fiber debris accumulation in the EMAA healing agent
with further cycling. In early cycles, fiber debris appears to
concentrate along the continuous tows indicated by the white
striations in the crack plane, while by cycle one thousand, a
pervasive fibrous zone is observed nearly spanning the full sample
width and ~25 mm along the length from the terminal crack
front. We believe the fiber debris accumulation is higher in
this region due to smaller crack separations and thus higher
propensity for crushing any protruding fibers during unloading;
though discrete fibrous regions up to the point of crack initiation
are also observed, emphasizing the widespread nature of this
newly discovered mechanism. A prominent color change (i.e.,
browning) is also visible by the final cycle, on both the fracture
and outer surfaces of the composite, likely owing to oxidation of
the amine-containing thermoset epoxy matrix that is accelerated
by repeated heating at ten degrees below the glass transition
(Ty ~ 140°C; onset of 7, ~ 120°C). However, we do not
expect this oxidation in trace amounts to interfere with key
chemical reactions between the epoxy matrix and EMAA healing
agent which are investigated via spectroscopy in the next section.

A closer inspection of the composite fracture topology
is conducted via scanning electron microscopy (SEM) with
respective images shown in Fig. 3D, Bottom row. After the
virgin fracture, ductile tearing of the EMAA is evident along
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Fig. 3. Sustained in situ self-healing. (A) Mode-I interlaminar fracture of a glass-fiber composite double cantilever beam (DCB) showing EMAA fibrillation (55)
(Scale bar, 10 mm); (B) Overlaid force vs. displacement curves for virgin and 1,000 heal cycles along with a plain, nonhealing composite response (dashed line);
(C) Self-healing performance comparing the cyclic fracture resistance (i.e., Gic) of the present study to prior state-of-the-art EMAA-based technologies (6, 54);
(D) Optical and scanning electron micrographs revealing midplane fracture topology after the virgin and heal cycles 1, 10, 100, and 1,000 [Scale bars, 10 mm (Top)
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(719 cm~! ); error bars represent one SD from the mean (n > 5).

with microporosity formation, which stems from vaporizing
entrapped water (by healing above 100 °C) that is first formed
via the well-documented condensation reaction during composite
curing (51, 52, 54). The microporous network, which contributes
to toughening via crack tortuosity, continues to expand with
further cycling through heal 10, but then slowly wanes and
is nearly collapsed by heal 100, where the EMAA domains
exhibit a smooth surface. The development and cessation of

PNAS 2026 Vol. 123 No.2 2523447123

microporosity over the first 100 cycles aligns well with our
findings in prior work (6). However, the latest finding of fiber
debris accumulation at higher cycle counts, which is also observed
in the SEM images, noticeably obstructs EMAA rebonding
sites and likely contributes to the slow decline in fracture
recovery. Hence, akin to vascular self-healing systems where
healed polymer accumulation (i.e., scarring) limits repeatability
(64, 65), this latest thermal remending approach is also subject
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to inevitable decline in self-repair, but with several orders of
magnitude greater repeatability. In other words, where extrinsic
vascular-based scarring from polymerized healing agent quickly
diminishes repair performance due to obstructed channel orifices
that inhibit further liquid healing agent delivery, intrinsic thermal
remending via a finite volume of EMAA maintains self-repair
efficacy longer even in the presence of scarring from host material
debris accumulation. In addition to this physical phenomenon,
we hypothesize that molecular interactions also affect healing
perseverance.

1.4. Chemical Healing Mechanisms. The unique molecular in-
teractions for EMAA-epoxy systems are vital to: i) obtain strong
bonding between the thermoplastic healing agent and thermoset
composite host, ii) activate the pressure delivery (i.e., microporos-
ity) mechanism to help spread EMAA, and iii) to enable repeated
self-repair of fracture resistance via polymer chain entanglement
(6, 53). During the fiber-composite cure (up to 177 °C),
two competing reactions dominate involving carboxylic acid
(from EMAA) and either epoxide (from the matrix) or hydroxyl
groups (from the matrix and reinforcement). The carboxylic
acid/epoxide reaction is largely responsible for the strong covalent
bonding at the EMAA/epoxy interface, promoting cohesive
fracture of EMAA, which is key to repeated healing. While the
carboxylic acid/hydroxyl condensation reaction—occurring later
during curing as catalyzed by tertiary amines—contributes to
the EMAA/epoxy interfacial bond, it also produces small liquid
water domains within the EMAA that vaporize during healing
forming the microporous network (Fig. 3D). Such reactions were
examined in earlier work (6) and shown to wane with continued
cycling resulting in eventual cessation of microporosity, but
retention of healing that is primarily due to EMAA hydrogen
bonding. However, the evolution of molecular interactions
beyond 100 cycles remained unexplored due to aforementioned
testing limitations.

Ergo, here we probed these key chemical reactions using
Fourier-transform infrared (FTIR) spectroscopy in attenuated
total reflectance (ATR) mode on the fracture surface of composite
samples in the virgin and healed states (cycles 1, 10, 100,
1,000). The absorbance spectra related to three key chemical
species that participate in the covalent/ionic bonding of EMAA
to the host composite (6, 51, 52)—carboxylic acid hydroxyl
stretch (1,406 cm™!), carboxylic acid ammonium salt stretch
(1,535 cm™ 1), carbonyl stretch (1,755 cm™!)—are normalized

A Weibull Distribution Prediction B

to the invariant methylene rocking peak (719 cm™!) and plotted
in Fig. 3E. The reactive to invariant peak ratios are quantified
in Fig. 3F and show that these chemical species increase over
the first 100 cycles. This coincides with EMAA microporosity
development and spreading, which both give rise to increased
fracture resistance via crack tortuosity and greater coverage
of the tough thermoplastic, followed by waning and eventual
cessation of microporosity whereby covalent chemical interac-
tions persist and mitigate decline in fracture recovery. Over the
next 900 cycles (i.e., previously unexplored healing regime) the
chemical species/reactions decrease as the fracture performance
also slowly declines (Fig. 3C). However, some level of self-
healing is maintained due to sustained hydrogen bonding (i.e.,
polymer chain entanglement) despite the reduced proportion
of bonding sites that are impeded by glass-fiber debris. These
latest findings show that self-healing via thermal remending is
an intricate interplay of both chemical and physical mechanisms,
where waning covalent interactions and accumulation of fiber
microdebris contribute to a slow decline in fracture recovery.

1.5. Self-Healing Lifetime Prediction. While experiments were
terminated at 1,000 cycles, strong evidence of steadying fracture
recovery becomes apparent (i.e., Gic only decreases at an average
rate of ~0.1%/cycle over the last 100 cycles). Given the high
repeatability of the fracture/healing behavior, analytical models
can extrapolate well beyond what has been demonstrated in
the lab. Given its precedence in modeling fracture damage in
composites (70-73), we find that the probability density function
for a Weibull distribution fits the data particularly well, as shown
in Fig. 44. The model is fit to the experimental self-healing data
over the declining portion (i.e., heal cycle 10 through 1,000)
and normalized to the fracture energy of the first heal cycle
(760 J/m?). The Weibull shape factor (k) is ~1.01, which
is appropriate for predicting the failure of systems that slowly
degrade over time (74). For our self-healing system, the Weibull
fit predicts an asymptotic lower limit of fracture recovery around
44% (compared to a plain composite) and remains above this
value by the millionth heal cycle, suggesting that self-healing can
be “perpetual,” albeit at nearly half the fracture resistance of a
plain composite.

Self-healing performance for the EMAA-enhanced fiber
composite first dips below the value of a plain composite on
test cycle 505, which essentially defines the point at which
component replacement would be necessary to meet original

Delamination Healing Lifetime

=—e&— Experiment <«— Average Composite Infrastructure Lifetime * Automotive (15 years) [66]
1.2 ——- Prediction * Energy (25-40 years) [67]
Quarterly 125 years « Aircraft (20-30 years) [68]
° « Naval (30-40 years) [69]
o 1.0
g Weibull Distribution
N 0.8 1 k Semi-annuall
s F@) = a+ (/N e ‘ 280 years
£
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mposte 500 years
0.4 (433 Jim?) . asymptote\
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Fig. 4. Lifetime prediction for delamination healing. (A) Weibull distribution overlaid with experimental test data for heal cycles 10 to 1,000 with fracture
resistance (i.e., Gic) normalized to the value in the first heal cycle; (B) Estimated self-healing lifetime for interlaminar delamination recovery based upon the
maximum heal cycle (505) before reaching plain composite fracture toughness for quarterly, semiannual, and annual repair schedules with average composite
design life listed for various industries (i.e., automotive, energy, aircraft, naval) (66-69).
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design specifications. To put this newfound self-healing capacity
into real-world context of modern composite structures (e.g.,
aircraft), we examined typical maintenance schedules. Commer-
cial aircraft undergo routine inspection/maintenance that may
include nondestructive evaluation (e.g., ultrasound scanning)
according to A, B, C, and D schedules (75, 76). A-checks
are performed every 400 to 600 flight hours (%200 to 300
flights) and encompass overnight inspections/servicing of internal
systems, emergency equipment, and other specific components
(e.g., landing gear, primary structure). B-checks take place every
6 to 8 mo and delve deeper into the aircraft’s systems and struc-
ture, requiring around 160 to 180 human-hours to complete.
C-checks are more comprehensive evaluations including in-depth
structural inspections and occur every 20 to 24 mo, requiring
grounding for 1 to 4wk and up to 6,000h of crew labor.
D-checks take place every 6 to 12y for heavy-maintenance that
includes a nearly complete overhaul with detailed inspection
and repair of the structural elements including airframe, wings,
tail, etc.

Given our self-healing system targets interlaminar fracture
recovery in structural elements, we consider conservative repair
schedules of 3, 6, and 12mo (i.e., quarterly, semiannually,
and annually) to predict the delamination healing lifetime this
technology could provide being applied either in situ (e.g.,
on the tarmac) or ex situ (e.g., in a hangar)—acknowledging
that other failures may still occur. Such projections plotted
in Fig. 4B estimate the fracture repair lifetime of our self-
healing composites range from 125 to 500y, which greaty
exceeds the design life of modern aircraft (20 to 30y) and
other real-world composite structures in the automotive (66),
energy (67), acrospace (68), and naval (69) industries. From an
interstellar perspective, a composite spacecraft traveling at the
same speed of the international space station (228,000 km/h)
would reach Pluto and return to Earth in roughly 60 y, and
have better odds of surviving high-speed collisions with foreign
objects (e.g., micrometeoroids) being outfitted with such self-
healing technology. While in operando (e.g., in-flight) self-
healing demonstrators under actual load are still needed to
validate such space platforms, we believe that our reliable and
repeatable in situ thermal remending strategy can eliminate
delamination as a failure concern across these and countless other
applications of structural FRP composites.

2. Conclusion

In this work, we overcome interlaminar delamination that
has long plagued composite structures, degrading performance
and limiting service life (8). We authenticate the ability of
an aerospace-grade composite to heal mode-I fracture damage,
in situ, and below the epoxy matrix glass transition temperature
for 1,000 consecutive cycles—approaching the reliability of self-
repair observed in natural materials, albeit through a synthetic
pathway. An autonomous fracture/healing protocol is established
to experimentally realize the feat over one month of continuous
testing, which also highlights the amenability of this thermal
remending technique to industrial automation. We want to
highlight that while this testing protocol is autonomous, material-
level autonomy (77) in a real-world structure would require
integrated damage-sensing to automatically trigger heating and
enact self-repair mechanisms before reaching critical flaw sizes
(49). Moreover, we only consider delamination recovery after
mode-I tensile loading owing to this being the lowest energy
fracture pathway but expect self-healing of interlaminar fracture
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to be agnostic to the mode of generation/propagation (i.e., I,
II, or III). However, other possible failures such as matrix-
cracking and fiber-breakage, along with mode-mixity that can
arise from complex loading (e.g., impact) need to be further
explored. Some promising recent work has shown that EMAA-
patterned interlayers (at low volume fractions) preserve the
thermo-mechanical properties of laminated composites (6, 55)
and steer damage during shear-dominated flexure toward healable
delamination (58).

Here, our investigation of the governing chemo-physical self-
healing mechanisms after mode-I fracture reveals fiber debris
buildup in the crack plane and the waning of key healing
reactions—between the EMAA healing agent and epoxy matrix
composite—producing a slow and steady decline in fracture
recovery after achieving a maximum of 230% relative to a
plain composite baseline. The consistency in self-repair enables
analytical models to extrapolate healing behavior well beyond
experiments, where the predicted asymptotic delamination re-
covery is nearly one half the pristine fracture resistance value
of a conventional composite, but theoretically in perpetuity.
These findings also show that the ability to remain above plain
composite fracture resistance via a conservative quarterly self-
healing schedule exceeds three times the design life of real-world
composite structures (>125y), and effectively ousts delamination
as a critical failure mode in fiber-reinforced polymer composites.

3. Materials and Methods

3.1. 3D-Printing EMAA. EMAA filament is first extruded to a diameter of
~2.5 mm from as-purchased pellets (Nucrel™ 2940, DuPont, Inc.) using a
single screw extruder (Noztek Pro) with a barrel temperature of 110°C and
a 3 mm diameter circular die. Extruded filament is cooled on a rotating steel
take-up cylinder to room temperature (RT ~ 24 °C) by forced convection from a
nearby fan.

The EMAA filament is then 3D-printed onto 8-harness (8H) satin woven
E-glass reinforcement (Style 7781, Hexcel, Inc.) using a fused deposition
modeling (FDM) printer(TAZ Pro, Lulzbot, Inc.)equipped witha 500 pm diameter
nozzle heated to 190 °C with a build platform temperature of 65 °C. EMAA is
printed along a continuous serpentine path with traces ~350 £ 50 pm thick
and ~500 =+ 50 um wide that are spaced 2.2 mm apart center to center and
extend 80 mm from the interior edge of the precrack film to meet the prescribed
as-printed areal coverage of 24%.

3.2. Resistive Heater Preparation. Two layers of proprietary resistive heaters
(~100 um thick) consisting of a nonwoven carbon/glass textile are cutto 140 mm
wide by 305 mm long. A 20 mm wide conductive silver coating is applied to
the outer side of each layer, full width at the two edges along the length. The
coating is dried for 30 min at room temperature (RT) before adhering 20 mm
wide strips of conductive copper tape along the painted regions, serving as a
busbar for external electrical connections.

3.3. Preform Construction and Melt Consolidation. Preforms comprise
three EMAA interlayers located below/at/above the midplane and two resistive
heaters (H) spaced symmetrically above/below with a stacking sequence
of [90/01,/90/H/0/90-EMAA-0-EMAA-90-EMAA-0/90/H/0/[90/0], . Despite con-
trolledfracture propagationalongthe midplane, EMAAinterlayersare requiredin
the adjacent layers to prevent out-of-plane delaminations therein with repeated
cycling. A 50 pum thick fluoropolymer film (50 mm wide by 305 mm long)
is placed at the midplane and aligned with the start of the 3D-printed EMAA
patterns to serve as a precrack for fracture experiments.

Melt consolidation of EMAA is achieved by placing the layered preform
between two aluminum plates (405 x 405 x 6.35 mm, length x width x
thickness) which are weighted to provide 1 kPa of applied pressure relative to
the preform surface area. The weighted assembly is placed in a convection oven
(OF-22, Cole-Parmer, Inc.) and heated from RT to 110 °C over 15 min where
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the temperature is held for 75 min before cooling to 60 °C over 90 min. The
preform is then removed from the oven and cooled to RT.

3.4. Vacuum-Assisted Resin Transfer Molding (VARTM). A proprietary
epoxy-based resinand amine-based hardener system are mixed at stoichiometry
and degassed for2 hatRTunder 12 Torr(abs)vacuuminadrying oven(ADP 300C,
Yamato, Inc.). Vacuum assisted resin transfer molding (VARTM) is performed at
2Torr (abs) to infuse the preform assembly with the liquid matrix until complete
fabric wetting. Vacuum is then decreased to 380 Torr (abs) and held for 24 h at
RT until matrix solidification. Next, the vacuum is removed and the laminates are
cured for2 h at 121 °Cfollowed by 3 h at 177 °Cto yield a final glass-transition
temperature (Tg) of ~141°C as measured by dynamic mechanical analysis
(DMA).

3.5. Mode-I Fracture Characterization.

3.5.1. Fracture specimen fabrication. Fracture specimens are sectioned to
25 mm wide by 140 mm long with a diamond-blade wet saw (Sowers 41-AR).
A 0.65 mm diameter hole is drilled ~4 mm into each of the heater busbars on
both the front and back ends of the specimens (four holes total), where copper
wires (0.64 mm diameter) are inserted and potted with a commodity two-part
epoxy (The Gorilla Glue Company, Inc.). Steel piano hinges are bonded to the
top/bottom faces of the composite along the front (i.e., precrack) end of the
sample with a structural adhesive (DP460NS, 3M, Inc.) that is cured for 4 h at
49 °C. A straight line perpendicular to the crack direction is marked at 50 mm
from the interior edge of the precrack film to demarcate the total distance of
crack propagation. The top face of each specimen is painted flat black forinfrared
(IR) imaging during in situ healing.

3.5.2. Mode-l fracture testing and in situ thermal remending. Double-
cantilever beam (DCB) mode-| fracture tests are performed according to ASTM
D5528 on a 5 kN electromechanical load frame (Alliance RT/5, MTS, Inc.) with a
500 N load cell. Displacement controlled loading ata rate of 5 mm/min is enacted
to propagate a 50 mm long midplane delamination from the precrack film. A
4K resolution webcam (Logitech BRIO), equipped with a custom macrolens
(LM12JC5M2, Kowa Optical Products Co., Ltd.), is used to monitor the crack from
the bottom surface of the translucent glass-fiber composites and the loading is
stopped once the crack reaches the marked termination line. The sample is then
unloaded at the same rate to zero crosshead displacement.

After unloading, in situ self-healing is accomplished by activation of a

DC power supply (PWS4602, Tektronix, Inc.) providing ~12 W of electrical
power to the embedded resistive heaters. Joule heating progresses for 15 min
to a target maximum surface temperature of 130°C as monitored by an
overhead IR camera (A600, Teledyne FLIR, Inc.), which is below the Ty of
the composite (~141°C). The power is then deactivated and the sample
cools via natural convection to RT over a ~30 min period before the next
fracture/heal cycle commences. Note, the first (i.e., virgin) test cycle is performed
manually to: i) generate the unload curve after 50 mm of crack propagation
which is used as a loading termination condition (i.e., trigger the switch
from loading to unloading) for subsequent automated fracture tests, and
i) determine the exact power input to the embedded heaters that is required to
reach the target healing temperature (130 °C), which varies slightly (0.5 W)
between samples. After the virgin cycle is complete, automated testing is
enacted via load frame signal acquisition by a digital multimeter (DMM7510,
Keithley Instruments) and following the test protocol detailed in the main
text.
3.5.3. Fracture quantification. Fracture resistance is quantified via calculation
of the mode-| critical strain energy release rate (Gyc) for each cycle, which is a
measure of the energy required to propagate a crack normalized by the planar
area of the newly fractured interface (i.e., sample width x crack length). In this
study, the area method (78) is chosen to calculate a single Gyc value for each
fracture cycle according to:

1. A A Poundarik et al., Dilatational band formation in bone. Proc. Natl. Acad. Sci. U.S.A. 109,
19178-19183(2012).

2. A N.Fernandes et al., Nanostructure of cellulose microfibrils in spruce wood. Proc. Natl. Acad. Sci.
U.S.A. 108, E1195-E1203 (2011).

3. P.Fratzl, R. Weinkamer, Nature's hierarchical materials. Prog. Mater. Sci. 52, 1263-1334(2007).
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where b is the sample width, Aa is the linear crack propagation distance,
and AU is the energy required to create the fractured surfaces, which is
defined by the area enclosed within the load-displacement curve (loading and

’ [2]

unloading):
s
AU= / Pds
0 Aa

where P, is the resulting force from the applied displacement, 6.

(1]

3.6. Topological Characterization of Fracture Surfaces. Optica| and scan-
ning electron microscopy (SEM) are used to investigate the surface morphology
of fractured/healed interfaces. Optical images are acquired with a digital light
microscope (AXIO Zoom V.16, Zeiss, Inc.) equipped with an LED ring light or
coaxial polarizer. For SEM, samples are first sputtered with gold/palladium to
a target coating thickness of &35 nm before imaging with a variable pressure
scanning electron microscope (S3900N, Hitachi, Ltd.) at a 5 kV accelerating
voltage.

3.7. Chemical Characterization of Fracture Surfaces. Fourier-transform
infrared (FTIR) spectroscopy (HYPERION 1,000, Bruker, Inc.) is performed on
fractured/healed interfaces in attenuated total reflectance (ATR) mode, utilizing
a 70 pm germanium crystal probe and 15x objective. Thirty-two scans are
collected at each site from the 4,000 to 650 cm~ " wavenumber range.

3.8. Analytical Predictions. A probability density function of the Weibull
distribution:

f(x) = a+ (/) e (1/2)" (3]
isfitto the fracture energy (i.e., Gic) results from heal cycle 10 to heal cycle 1,000
to model and predict the self-healing performance beyond what is experimen-
tally evaluated. All values are normalized to the Gic of the first heal cycle
(761 Jim2). Here, the curve fit gives @ = 0.2526, ¢ = 1.052, a shape
parameter of k = 1.010, and a scale parameter of 1 = 38.09.

Data, Materials, and Software Availability. Relevantdatain CSVformathave
been made publicly available on Zenodo (DOI: 10.5281/zenodo.17845142)
(79).
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Supporting Information

Self-healing for the long haul: In situ automation delivers century-scale fracture recovery in
structural composites

Jack S. Turicek, Zachary J. Phillips, Kalyana B. Nakshatrala, and Jason F. Patrick

S1. Automated Experimental Evaluation

The test setup shown in Figure Sla consists of a double cantilever beam (DCB) specimen gripped in an electromechanical load
frame that is connected to a digital multimeter (DMM), which monitors and communicates the voltage outputs from the test
frame via a Python code. A power supply is wired to the embedded heaters in the DCB sample to provide the electrical energy
required for in situ Joule heating, while an overhead IR camera monitors the top surface temperature. Fig. S1b shows the
electrical connections that enable the DMM to send digital signals to the load frame to automatically start/stop loading and to
also monitor the voltage outputs from the load frame, which correspond to load or displacement. A relay switch (8-channels
5V, SainSmart) operates between the load frame and the DMM to alternate between reading load or displacement, as only one
output can be read by the DMM at any given time. The real-time graphic user interface (GUI) (Fig. Slc) features a dashboard
to monitor the automated test progression including the cycle count, electrical input from the power supply to the resistive
heaters, DCB top surface temperature via IR camera, and the mechanical force versus displacement behavior. The GUI also
features numerical inputs to adjust the virgin unload curve offset/rate (see Section S2) if the crack deviates from the prescribed
50 mm of propagation during automated testing.

a Experimental Test Setup b Electrical Connections
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Fig. S1. Automated Experimental Hardware/Software Integration a Experimental test setup and equipment. b Electrical connections between electromechanical load frame
and digital multimeter (DMM). ¢ Real-time GUI to input/monitor test parameters during automated testing.
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S2. Automated Unloading Protocol

To automate fracture/heal cycling it is necessary to terminate tensile loading (i.e., stop applying opening displacement) and
begin unloading the specimen when the propagating midplane delamination reaches the designated crack length (Aa) of 50 mm.
For manual fracture tests, this is accomplished by visually monitoring the bottom surface of the translucent glass-reinforced
composite (via a high-resolution 4k webcam) and human intervention at Aa = 50 mm. However, for automated fracture
testing, the slope of the unload curve from the first virgin fracture cycle (performed manually) is used to trigger unloading for
subsequent cycles, as the elastically deformed DCB exhibits the same stiffness/compliance when the crack length is identical.

The details of this automated unload procedure are as follows: once the manual virgin fracture cycle has been performed,
a 4th order polynomial is fit to the virgin unload curve that provides a deterministic equation to trigger unloading. While
beam theory predicts a cubic response, a 4th order polynomial fit is required to capture the rapid drop in load that occurs at
the start of unloading. The fitted unload curve is then shifted in the negative displacement direction (i.e., trigger unloading
slightly earlier) to account for any additional crack propagation that occurs during unloading, which is typically minor (1-5%)
relative to the 50 mm delamination. This shift in the negative z-direction is manually input via the GUI during the test and
programmed to automatically shift an additional amount per cycle (typically -0.001 mm/cycle) to account for the slight, yet
unavoidable evolution of the terminating crack front throughout successive cycles. As a subsequent (post-virgin) fracture test
progresses, the crosshead continues to load the DCB while the force-displacement curve is traced (Figure S2a) (using the
voltage outputs read by the DMM) until the current heal cycle force vs. displacement (Pheal vs. §) response crosses over the
shifted virgin unload polynomial fit curve (i.e., Pheal(d) < Puirgin(0)), as shown in Fig. S2b. At this point, the load frame is
signaled to unload (Fig. S2c) until zero crosshead displacement is reached. The accuracy of this automated unloading technique
can be visually discerned in the nearly collinear nature of the overlaid unload curves in Fig. S2d, and also in the extended
(i.e., 1,000 cycle) tests from Fig. 3b (in the main text).
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o= : : : 0 : : : :
10 20 30 40 50 10 20 30 40 50
Crosshead Displacement (mm) Crosshead Displacement (mm)
Cc Unloading d Test Complete
100 \ ‘ T 100 . : ; ;
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Fig. S2. Automated Unloading Procedure. Post-heal force versus displacement behavior during automated fracture cycling that depicts: a initial reloading, b reaching the
shifted virgin unload curve fit, ¢ triggering unloading to zero crosshead displacement, and d overlaid load/unload versus displacement curves.
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