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A B S T R A C T

Interlaminar delamination in fiber-reinforced composites limits structural capacity and service life. Delamina-
tions, which occur subsurface and can lead to catastrophic failures, are hard to detect and repair. Contrasting
traditional mitigation strategies (e.g., inspection, over-design), proactive toughening and responsive self-
healing of damaged interfaces offer practical, cost-effective solutions. Our recently developed strategy to
address interlaminar damage—3D-printed thermoplastic interlayers and structurally integrated heaters—has
been shown to achieve composite toughening and in situ self-healing via thermal remending, abetting repeated
repair and improved delamination resistance. Here, we leverage this latest thermal remending strategy to
investigate the effects of 3D-printed pattern topology on damage resistance and self-healing response. The
chief attributes are: (i) realizing up to 450% increase in mode-I fracture resistance, (ii) restoring up to 100%
of the increased fracture resistance for ten consecutive healing cycles, and (iii) achieving in situ self-healing
below the thermoset-matrix glass transition temperature, thereby preserving structural integrity during repair.
The proposed damage mitigation strategy fosters structural reliability, reduces failure risk, and increases service
lifetime—three essential attributes in meeting the multifaceted demands of modern composite infrastructure.
1. Introduction

Fiber-reinforced polymer (FRP) composites possess advantageous
properties such as high specific strength/stiffness and corrosion re-
sistance, to name a few. Such properties are why polymer–matrix
composites have become a chief infrastructural material when dealing
with demanding environments in aerospace, naval, civil, and energy
applications. FRP composites derive their attributes from hierarchi-
cal material makeup, rendering them susceptible to complex damage
modes, e.g., failure within constituent materials or adjoining interfaces.
Interlaminar delamination (i.e., interfacial debonding of the polymer
matrix from the fibrous reinforcement) remains a dominant damage
mode in FRP composites [1]. Delaminations occur subsurface that
require advanced detection and monitoring techniques, which have ex-
perienced mixed success [2,3]. Hence, repair of such interfacial damage
currently requires intensive manual intervention and often replacement
of the entire affected component [4,5]. Importantly, undetected or
unaddressed interlaminar delaminations can lead to catastrophic fail-
ures. The conventional strategies to mitigate this risk are over-design
and service lifetime restriction; however, these strategies are neither
economical (e.g., cost and supply chain concerns) nor environmentally
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E-mail address: jfpatric@ncsu.edu (J.F. Patrick).

friendly (e.g., recycling limitations). Thus, there is a crucial need to
develop novel methodologies to broaden sustainability and unlock the
unrealized potential of FRP composite materials for modern engineered
structures.

Contemporary damage mitigation strategies focus on proactive
toughening or responsive self-healing. Toughening brittle FRP composites
increases resistance to delamination and has been achieved in many
forms: modifying thermoset (e.g., epoxy) matrices via addition of a
dispersed secondary phase (i.e., rubber or thermoplastic [6–9]), using
thermoplastic matrices [10,11], or incorporating interlayers between
reinforcement laminae [12–14]. In each case, the modification tough-
ens the composite by either increasing the tortuosity of the crack path
or absorbing energy through plastic deformation [15,16]. However, a
primary drawback of these methods is a decrease in composite stiffness
and thermal stability because of the widespread inclusion of a more
compliant and meltable polymer into the structural composite [17].
Thus, the need to preserve FRP composite’s bulk thermomechanical
properties warrants a local deployment of toughening agents—only to
sites that are prone to fracture.
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In contrast to toughening (a proactive measure), self-healing is a
responsive measure for addressing delamination in composites [18].

he notable advantage of this alternative is the ability to self-repair
abrication defects or damage introduced during service. Consequently,
elf-healing is especially advantageous in extreme, dangerous, and inac-
essible environments (e.g., outer space, offshore, in-flight) [19]. Self-
ealing is broadly classified into extrinsic and intrinsic approaches [20,
1]. Extrinsic self-healing relies on external healing agents typically
equestered within embedded microcapsules [22], hollow glass fibers
23], or vascular networks [24]. Microcapsule-based healing stores
eactive liquids within spherical capsules dispersed throughout the host
atrix, whereas hollow glass fibers contain healing chemistries inside

ylindrical micro-tubes within or between textile reinforcement. In
ither case, the vessels rupture upon local fracture and release their
ayload into the proximal crack. Subsequent polymerization occurs
ia contact with a solid catalyst (for a one-part liquid agent) or dif-
usion plus mixing in the case of two-part healing chemistries. While
utonomic (i.e., no human intervention required), such systems are
imited to small damage volumes (μm-scale) and to a single healing
vent once the liquid agent is deployed [25]. For overcoming such
urdles (i.e., repair larger damage volumes and retain functionality
ver multiple damage–heal cycles), microvascular-based self-healing
rose. This bioinspired strategy creates a network of microchannels
ithin the host material that enables greater storage of healing agents
nd repeated delivery to the damage site via passive capillary action or
ctive pumping [26–30]. However, vascular self-healing is often limited
y in situ mixing requirements in the damage zone, thus relying on
lower molecular diffusion for polymerization reactions to occur. Other
ascular hindrances include flow restriction from healing agent accu-
ulation and channel blockages resulting from cross-contamination.
hile the inclusion of capsules, hollow glass fibers, or vasculature have

hown some ability to toughen polymer composites against delamina-
ion [28,31,32], the main advantage of these techniques is not their
bility to resist fracture, but to functionally repair it.

Unlike extrinsic techniques, intrinsic self-healing materials possess
he innate ability to self-repair [25]. Provided intimate contact of
ractured interfaces is attained, self-healing is achieved via dynamic
nd reversible chemical bonds that are able to repeatedly reform after
amage [33,34]. Intrinsic healing is more accessible in soft polymers
e.g., gels, rubbers) [35–38] with mechanical properties not suitable
or structural applications. On the other hand, rigid structural materials
e.g., epoxies, vitrimers) [39] typically require an external energy
ource such as heat [40,41], light [42,43], or mechanical input [44]
o enable bond reformation and thus initiate healing.

New hybrid extrinsic/intrinsic self-healing approaches continue to
merge that leverage the inclusion of a soft, intrinsically healable agent
ithin a stiffer structural host material [45]. Such systems hold promise

or both proactive damage resistance and responsive repair where the
dded toughening component not only resists delamination, but also
erves as a healing agent to repeatedly repair damage when it occurs.
ne toughening/healing agent that has been extensively studied in
RP composites is poly(ethylene-co-methacrylic acid) (EMAA) [46–54].
arious morphologies of EMAA have been integrated into FRP compos-

te laminates, including (i) particles dispersed throughout a thermoset
atrix [49,51,53], (ii) fibers that are stitched or braided/woven within
fibrous preform [50,52,54], and (iii) meshes/films placed between

einforcing plies [46,48]. Laminated composite toughening and heat-
nitiated intrinsic healing of EMAA thermoplastic (i.e., thermal remend-
ng) are unique compared to other thermoplastic agents (e.g., poly-
aprolactone, PCL) [55] due to beneficial chemical reactions. During
hermal remending, condensation reactions between methacrylic acid
roups in the EMAA and tertiary amines in the epoxy matrix produce
ressurizing water vapor that forces molten thermoplastic into confined
amage volumes [51,56,57]. While effective for healing agent delivery,
2

hermal remending at elevated temperatures must remain sufficiently
below the glass-transition temperature (𝑇𝑔) of the thermoset epoxy ma-
trix to retain structural integrity during repair. Moreover, to be industry
transferable, thermal remending requires standalone heat generation
(i.e., in situ healing) as opposed to popular ex situ recovery by placing
composite components into an oven for repair [46,47,49,51–54]

Recently, resistive heater interlayers in glass- and carbon-fiber rein-
forced epoxy–matrix composites have been combined with 3D-printed
EMAA to achieve sub-𝑇𝑔 in situ thermal remending of interlaminar
delamination [58]. An unprecedented 100 heal cycles was achieved
by EMAA failing in a cohesive manner (i.e., EMAA adhered to both
fracture surfaces), and thus enabling repeated chain re-entanglement.
Cohesive fracture relies on three critical attributes: (i) printing molten
EMAA directly onto the fiber reinforcement, (ii) further ‘‘melt-bonding’’
prior to epoxy matrix infusion, and (iii) covalent/ionic bonding of the
EMAA to the digicidyl ether of bisphenol A (DGEBA) epoxy matrix
that strengthens the EMAA/DGEBA interface. However, the effects of
the EMAA serpentine pattern orientation and thickness on toughening
behavior and self-healing performance have not yet been explored.
This work thoroughly investigates the interlaminar fracture behavior
for a 3D-printed serpentine EMAA interlayer with different as-printed
areal coverages, orientations, and thicknesses in glass fiber-reinforced
polymer (GFRP) composite laminates. The mode-I critical strain energy
release rate (𝐺IC) is calculated to characterize the overall interlaminar
fracture energy, while resistance curves (R-curves) for each EMAA
pattern are constructed to study the localized toughening behavior
throughout delamination propagation. Repeated in situ thermal re-
mending is achieved for different areal coverages and orientations at
healing temperatures below the 𝑇𝑔 of the host epoxy matrix. Quasistatic
in-plane tension testing and dynamic mechanical analysis (DMA) of
laminates with printed EMAA patterns are also conducted to assess
thermo-mechanical integrity after augmentation. The comprehensive
results from this study provide guidance for real-world translation of
such hybrid self-healing and multifunctional FRP composites.

2. Materials and methods

2.1. 3D printing of EMAA via Fused Deposition Modeling (FDM)

EMAA filament with a diameter ≈2.5 mm was produced from as-
purchased pellets of NucrelTM 2940 (Dow Chemical, Inc.) using a single
screw extruder (Filastruder, Inc.) with a 3 mm diameter circular die and
110 ◦C barrel temperature. Molten EMAA was collected on a rotating
teel take-up cylinder (diameter = 165 mm) and cooled down to room
emperature (RT, ≈23 ◦C) via forced convection from a proximal fan.

Molten EMAA filament was then patterned onto 8-Harness (8H)
atin woven E-glass reinforcement (Style 7781, Hexcel, Inc.) using a
AZ Pro FDM printer (Lulzbot, Inc.) with a 500 μm diameter nozzle

heated to 190 ◦C and a bed temperature of 65 ◦C. The printing process
is depicted in Fig. 1a, where the computer-controlled print head/nozzle
deposits molten EMAA directly onto the woven reinforcement, which
ensures adhesion between the EMAA and the textile substrate. Different
patterns were explored in this study by varying thickness (t), width (w),
and spacing (s). Continuous serpentine patterns, shown in Fig. 1b, were
orientated with primary traces either parallel (i.e, longitudinal, L) or
perpendicular (i.e., transverse, T) to the crack propagation direction
(0◦). The optical microscope images provided in Fig. 1c show precise
pattern spacing and cross-sectional control for EMAA printing. A com-
plementary scanning electron micrograph, shown in Fig. 1d, indicates
the underlying reinforcement architecture remains undisturbed by the
FDM process (i.e., printing does not induce tow misalignment).

As-printed areal coverage, orientation, and thickness define EMAA
patterns. Areal coverage—the printed area of EMAA divided by the
encompassing area of the underlying reinforcement—was investigated
for 12, 24, and 36%. As-printed EMAA thickness was varied from 150,

300, and 450 μm.
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Fig. 1. Patterning EMAA via 3D-printing. (a) A depiction of the fused deposition modeling (FDM) process in which the computer-controlled print head/nozzle continuously
extrudes molten EMAA thermoplastic of desired thickness (t), width (w), and spacing (s) directly on woven reinforcement. (b) Longitudinal (L) and transverse (T) serpentine
pattern orientations in reference to the crack propagation direction (0◦). (c) Optical microscope images of printed EMAA (blue overlay) on 8H satin E-glass fabric (main scale bar
= 5 mm, inset scale bar = 0.5 mm). (d) Scanning electron micrograph of as-printed EMAA pattern on woven reinforcement (scale bar = 1 mm).
2.2. Preform construction and melt consolidation

Following 3D-printing of EMAA onto a single reinforcing ply, addi-
tional layers of 8H satin reinforcement were placed above and below
the central ply to produce symmetrically stacked preforms with EMAA
along the midplane. The complete details of stacking sequences (includ-
ing those with resistive heater interlayers) for specific test geometries
can be found in respective sections.

Melt consolidation of preforms containing printed EMAA was ac-
complished by placing the preform between a pair of aluminum plates
(length × width × thickness: 405 × 405 × 6.35 mm) with additional
weights applied to produce a static pressure of 1 kPa relative to the
surface area (length × width). The preform/plate assembly was heated
in a mechanical convection oven (OF-22, Cole-Parmer, Inc.) from RT
to 110 ◦C over 15 min. The temperature was held for 75 min and then
reduced to 60 ◦C over 90 min, prior to removing the assembly from the
oven and allowing it to cool down to RT.

2.3. Vacuum-Assisted Resin Transfer Molding (VARTM)

Prior to vacuum-assisted infusion of the preforms, epoxy resin
(Araldite 8605, Huntsman Advanced Materials, LLC) and amine hard-
ener (Aradur 8605, Huntsman Advanced Materials, LLC) were mixed
in a 100:35 resin to hardener ratio by weight and degassed for 2 h
at RT under 12 Torr abs vacuum within a drying oven (ADP 300C,
Yamato, Inc.). Vacuum Assisted Resin Transfer Molding (VARTM) was
conducted at 2 Torr (abs) until complete fabric wetting, at which point
the vacuum was decreased to 380 Torr (abs) for 24 h at RT until matrix
solidification. The resulting FRP composite plates were cured for 2 h
3

at 121 ◦C followed by 2 h at 150 ◦C to yield a final glass-transition
temperature (𝑇𝑔) of approximately 145 ◦C as measured by dynamic
mechanical analysis (DMA).

2.4. Thermomechanical characterization

2.4.1. Tension specimen fabrication
Plain composite tension samples (≈4 mm thick) comprise sixteen

8H satin E-glass plies in an alternating sequence of [90∕0]8, where the
lamina angle corresponds to the warp direction of the woven rein-
forcement with respect to the fracture propagation direction (i.e., 0◦).
EMAA-modified composites contain a melt consolidated EMAA mid-
plane interlayer with a stacking sequence of [90/0]4-EMAA-[90/0]4.
EMAA patterns were printed at 36% areal coverage, a trace width (w)
of 500 μm, and a thickness (t) of 300 μm in both longitudinal (L) and
transverse (T) orientations. The highest 36% areal coverage (≈2 vol%)
was selected to represent a worst-case scenario (i.e., greatest potential
detriment to structural integrity). Preforms were infused via VARTM
and cured. Samples 20 mm wide and 254 mm long were sectioned
from the composite panel using a diamond blade wet saw. Four full
width and 45 mm long fiberglass tabs were bonded to both ends of
the front and back faces of each specimen using a structural adhesive
(DP460NS, 3M), which was cured at RT for 24 h and then 49 ◦C for
4 h to attain full bond strength (as recommended by the manufacturer).
Front and back sample surfaces between the tabs were painted matte
white and then speckled black to provide sufficient contrast for Digital
Image Correlation (DIC) during mechanical evaluation.
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2.4.2. In-plane tension testing
Uniaxial in-plane tension testing was conducted according to ASTM

D3039 on an electromechanical load frame (Exceed E45, MTS Inc.)
equipped with mechanical wedge grips and a 100 kN load cell. Quasi-
static displacement-controlled loading was applied at a crosshead rate
of 1.5 mm/min while concurrent images for DIC were acquired on the
front and back of each sample using two 12.3 MP machine vision cam-
eras (GS3-U3-123S6M-C, Teledyne FLIR, Inc.). Full-field strains were
calculated on each observed face using Vic-2D software (Correlated
Solutions, Inc.) and compared against each other to ensure no loading
eccentricity (i.e., bending) during testing.

2.4.3. Flexure specimen fabrication
Plain composite flexure samples (≈2 mm thick) comprised eight

woven E-glass plies in a stacking sequence of [90∕0]4, while samples
with printed EMAA patterns had a stacking sequence of [90/0]2-EMAA-
[90/0]2. Longitudinal (L) patterns were printed at areal coverages of
12, 24, and 36%, a trace width (w) of 500 μm, and a thickness (t) of
150 μm to produce the same maximum EMAA percentage (≈2 vol%) as
the 36% areal coverage tension samples. Following melt consolidation,
VARTM, and curing, individual samples were sectioned to 12.5 mm
wide by 60 mm long using a diamond blade wet saw.

2.4.4. Dynamic Mechanical Analysis (DMA)
DMA in 3-pt flexure (50 mm span length) was performed according

to ASTM E1640. A Q800 dynamic mechanical analyzer (TA Instru-
ments, Inc.) applied an initial preload of 0.01 N to each sample,
followed by an oscillating strain of 0.1% at 1 Hz frequency. A tempera-
ture sweep from RT to 250 ◦C was conducted at a ramp rate of 5 ◦C∕min
while storage modulus (E′), loss modulus (E′′), and tan (𝛿) — (i.e., the
ratio of E′′ to E′) — were collected at a sampling rate of 0.5 Hz. We
report the peak of tan (𝛿) as the 𝑇𝑔 for each sample.

2.5. Mode-I fracture characterization

2.5.1. Fracture specimen fabrication
Plain composite fracture samples (≈4 mm thick) comprised six-

teen woven E-glass plies in an alternating sequence of [90∕0]8, while
EMAA-modified composites had a stacking sequence of [90/0]4-EMAA-
[90/0]4. Patterns were printed at 12, 24, and 36% as-printed areal
coverages and varying thicknesses (t) of 150, 300, and 450 μm with
a constant target trace width (w) of 500 μm. Patterns were printed in
both longitudinal (L) and transverse (T) orientations with respect to
crack propagation. A 25 μm thick ethylene tetrafluoroethylene (ETFE)
film (full panel width and 50 mm long) was placed at the midplane of
each preform to serve as the pre-crack.

Following melt consolidation, VARTM, and curing, samples 25 mm
wide by 140 mm long were sectioned from the composite plate using
a diamond-blade wet saw. Steel hinges were bonded to the outer
composite faces on the pre-crack end with structural adhesive and
cured at RT for 24 h following an additional 4 h at 49 ◦C. Straight
lines marked on the bottom and side faces in 5 mm increments (to a
total distance 50 mm from the interior edge of the ETFE film) designate
measurement points for crack length determination.

2.5.2. Mode-I fracture testing
Double-cantilever beam (DCB) mode-I fracture tests were conducted

in accordance with ASTM D5528 using a 10 kN electromechanical
load frame (Alliance RT/5, MTS, Inc.), equipped with a 250 N load
cell. Displacement-controlled loading of the DCBs was performed at
a crosshead rate of 5 mm/min to propagate a delamination from the
pre-crack along the midplane of the sample, shown in Fig. 2a. A 4K
resolution webcam (Logitech BRIO), equipped with a custom macro
lens (LM12JC5M2, Kowa Optical Products Co., Ltd.), was used to
monitor crack growth from the top surface of translucent glass-fiber
composites. A backlight (MI-150, Dolan-Jenner, Inc.) placed below
4

enhanced contrast between the crack front and undamaged regions
during testing. Fig. 2b shows a typical load–displacement curve from
a DCB fracture test of a plain GFRP composite. The sample largely
exhibited linear elastic behavior as it was loaded to the crack initiation
point, after which the crack was propagated to a length of 𝛥𝑎 = 50 mm,
before unloading.

2.5.3. Fracture quantification
Fracture resistance was quantified via mode-I critical strain energy

release rate (𝐺IC) (i.e., the amount of energy required to create oppos-
ing crack surfaces of unit area). In this study, (𝐺IC) was calculated using
both modified beam theory (MBT) and the area method [59]. For MBT,
𝐺IC values were computed at crack growth increments of 5 mm from
the edge of the pre-crack film (𝛥𝑎 = 0 mm) to a total propagation length
(𝛥𝑎 = 50 mm) using the following equation:

𝐺IC = 3𝑃𝛿
2𝑏(𝑎 + |𝛥|)

, (1)

here 𝑃 is the force resulting from an applied displacement 𝛿, 𝑏 is
he sample width, and 𝑎 = (𝑎0 + 𝛥𝑎) is the total crack length, 𝑎0 is
he distance from the loading plane to the front edge of the pre-crack
≈47.5 mm), and 𝛥𝑎 is the linear distance of crack propagation. In
q. (1), 𝛥 is a correction factor to account for non-zero rotation of
he DCB arms at the delamination front [59]. A resistance curve (R-
urve) is constructed by plotting the discrete MBT 𝐺IC values at 5 mm
rack propagation lengths (𝛥𝑎). A representative R-curve for a plain
omposite is shown in Fig. 2c where a nearly constant 𝐺IC is observed
hroughout delamination, indicating steady fracture behavior due to
id-plane warp tow alignment with the crack propagation direction.

In contrast to the MBT approach that quantifies 𝐺IC across multiple
rack length measurements, the area method calculates a single 𝐺IC
alue for the entire fracture surface according to:

IC = 1
𝑏
𝛥𝑈
𝛥𝑎

, (2)

where 𝛥𝑈 is the energy required to create opposing crack surfaces of
incremental area (𝑏𝛥𝑎) and defined by the area enclosed with the entire
load–displacement curve:

𝛥𝑈 = ∫

𝛿

0
𝑃 𝑑𝛿

|

|

|

|𝛥𝑎
. (3)

Fig. 2c shows 𝐺IC calculated via the area method for a typical plain
composite sample, represented as a solid horizontal line, where this
singular value of 409 J∕m2 is in good agreement with the steady state
propagation value of ≈409 ± 6 J∕m2 calculated by MBT (dashed line).
Optical microscope images and a complementary scanning electron
micrograph (SEM) inset in Fig. 2c reveal the fracture surface topology
(i.e., matrix debonded from fibrous reinforcement) of a plain GFRP
laminate. A clear dichotomy in morphology is observed between the
fiber- and matrix-rich surfaces on either side of the delamination.

2.6. In situ thermal remending

2.6.1. Self-healing fracture specimen fabrication
DCB samples with in situ self-healing capabilities were manufac-

tured using a sixteen-layer preform similar to the EMAA-modified
fracture specimens, except the 5th and 12th layers of E-glass fabric
were replaced with resistive heater textiles (LaminaHeat, LLC) 254 mm
wide and 140 mm long. Prior to layup, each resistive heating ply
was marked along two continuous rows of copper bus bars at each
end to delineate centerline locations of eight DCB samples. A steel
razor blade was used to perforate the top of the E-glass shroud en-
casing the bus bars along the sample centerlines, creating a ≈15 mm
long slit from the outer edges. The perforations were first coated
with conductive silver paint, then dried for 30 min before placing
a ≈25 mm long segment of copper wire (0.81 mm diameter) onto

each slit with ≈10 mm overhang, and finally applying a silver paint
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Fig. 2. Mode-I fracture evaluation (a) A schematic of a double cantilever beam (DCB) test with backlight and overhead camera for crack tracking. (b) A representative load-
displacement curve for a plain glass-fiber composite DCB with a propagated delamination (𝛥𝑎) of 50 mm. (c) A representative R-curve (i.e., critical strain energy release rate (𝐺IC)
as a function of incremental crack length) for the specimen in (b) with multiple data points calculated at 5 mm crack growth increments from modified beam theory (Eq. (1))
and one singular value (solid line) for the entire delamination via the area method (Eq. (2)). Inset images show the two opposing midplane fracture surfaces with largely differing
topology (scale bar = 5 mm) and a scanning electron micrograph from a delamination region exhibiting both features of fiber–matrix debonding (scale bar = 25 μm).
overcoat. After an additional 30 min of drying, the electrically con-
nected section was potted with a thin layer of structural adhesive
(DP460NS), secured using a single layer of conductive copper tape,
and cured at 49 ◦C for 4 h. The prepped heaters were then incor-
porated into the EMAA-modified preform with a stacking sequence
of [0/90]2-heater-[0/90/0]-EMAA-[90/0/90]-heater-[0/90]2. The pre-
form then undergoes the same melt consolidation, VARTM, curing, and
fabrication as described for previous DCB samples.

Once the self-healing DCB samples (25 mm wide × 140 mm long)
are sectioned from the composite plate, each specimen has four exposed
cross-sections of embedded copper wire (0.81 mm diameter), two at
each end (i.e., length = 0 and 140 mm). A 0.65 mm diameter center
hole was drilled 4 mm deep into each embedded wire and another
copper wire (0.64 mm diameter) was inserted into each hole. The
external surface of the press-fit wire connection was reinforced with a
5 min epoxy and allowed to sit for 24 h at RT to develop sufficient
bonding strength. These wired connections enable electrical power
delivery to achieve in situ resistive (i.e., Joule) heating. The top face
of each self-healing DCB sample was painted matte black for infrared
(IR) imaging during testing.

2.6.2. Self-healing characterization
In situ self-healing via thermal remending was performed within

the load frame after propagating a 50 mm delamination through the
composite midplane and unloading to zero crosshead displacement.
A DC power supply (PWS4602, Tektronix, Inc.) provided electrical
power (10.5–12.5 W) to the embedded resistive heaters commencing
in situ thermal remending. The target maximum top surface healing
temperatures (𝑇ℎ = 110, 130 ◦C) were attained in roughly 5 min
as monitored by an overhead IR camera (A600, Teledyne FLIR, Inc.)
and power was applied for a total of 15 min before disconnecting
and allowing the specimen to cool for 30 min to RT. In situ thermal
remending temperatures remained below the 𝑇𝑔 of the epoxy matrix
(≈145 ◦C). A total of ten fracture–heal cycles were performed for each
sample configuration.

Healing efficiency (�̂�) is defined as the ratio between healed and
virgin critical strain energy release rates [28] and when expressed as a
percentage takes the following form:

�̂� =
𝐺healed
IC

𝐺virgin
IC

× 100%, (4)

where 𝐺virgin
IC and 𝐺healed

IC are the virgin and healed critical strain energy
release rates calculated via the area method, respectively.
5

2.7. Topological characterization of fracture surfaces

Optical and scanning electron microscopy were employed to charac-
terize fractured composite surface morphologies. Optical images were
acquired with a digital light microscope (AXIO Zoom V.16, Zeiss, Inc.)
equipped with an LED ring light for top surface illumination. Scanning
electron micrographs were acquired with a variable pressure scanning
electron microscope (S3200N, Hitachi, Ltd.) at a 10 kV accelerating
voltage after sputtering samples with gold/palladium to a target coating
thickness of ≈10 nm.

3. Results

3.1. In-plane tensile and thermomechanical response

We examine the suitability of EMAA-toughened laminates for stiff-
ness and strength critical applications by comparing the in-plane tensile
response to plain (i.e., unmodified) composites. Fig. 3a shows represen-
tative bilinear stress–strain curves with almost no discernible difference
between EMAA-modified composites at the highest 36% areal cover-
age considered in this study (≈2 vol%) when compared to the plain
composite laminates (see Table A.1). Also, pattern orientation with
respect to the loading direction—longitudinal (L) and transverse (T)—
does not appear to significantly alter the in-plane tensile response.
Fig. 3b corroborates these stress–strain observations, with less than 5%
difference in initial/final moduli and ultimate tensile strength for each
EMAA sample type in reference to plain GFRP laminates. As shown
in our prior work [58], the embedded resistive heaters have a more
pronounced effect on in-plane tensile properties than printed EMAA
patterns at these volume fractions.

In addition to retention of mechanical properties at ambient con-
ditions, assessing the thermomechanical effects of EMAA inclusions in
GFRP laminates is important given that in situ self-healing requires
retention of structural integrity throughout the thermal remending
process. To this end, the glass-transition temperature (𝑇𝑔) and elastic
storage modulus (E′) evolution of plain composites and laminates con-
taining EMAA patterns are assessed using dynamic mechanical analysis
(DMA). Fig. 3c shows that the inclusion of EMAA at the highest 36%
areal coverage has a negligible effect on the measured 𝑇𝑔 compared to
a plain composite, with a value of ≈145 ◦C in both cases. The values of
E′ at RT and at 𝑇𝑔 for samples with patterns at 12, 24, and 36% areal
coverage are shown in Fig. 3d. Commensurate with the tensile testing
results, less than 5% difference in E′ is observed at either temperature
for all sample types. Thus, we conclude that for the EMAA loadings
and patterns considered, the in-plane tensile and thermomechanical
response is nearly the same to that of plain GFRP composites.
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Fig. 3. In-plane tensile and thermomechanical behavior. (a) Representative ambient tensile stress–strain curves for plain GFRP composites and laminates modified with EMAA
nterlayers in either longitudinal (L) or transverse (T) orientations at 36% as-printed areal coverage. (b) Comparative tensile summary of plain versus patterned composites’ initial

elastic modulus (𝐸𝑖), final elastic modulus (𝐸𝑓 ), and ultimate tensile strength (𝜎𝑢); numbers at the bottom of bar plots indicate the normalized property values with respect to
plain composites. Error bars represent the standard deviation from the mean (n = 5). (c) Thermomechanical evolution of storage modulus (𝐸′), loss modulus (𝐸′′), and tan (𝛿)
measured via DMA for plain GFRP and composites containing an EMAA midplane layer at the maximum 36% areal coverage. (d) Comparative elastic storage modulus summary
of plain and EMAA-modified composites at room temperature (RT) and the 𝑇𝑔 of the host matrix (≈145 ◦C); numbers at the bottom of bar plots indicate the normalized storage
modulus values with respect to plain composite at each respective temperature. Error bars represent the standard deviation from the mean (n = 3).
3.2. Mode-I fracture behavior

As depicted in Fig. 4a, 3D-printed (and melt-bonded) EMAA inter-
layers are expected to improve GFRP interlaminar delamination resis-
tance by forcing a cohesive fracture (as opposed to adhesive) through
the tough and ductile EMAA domains. Based on prior work [12]
showing that adhesive versus cohesive fracture behavior is influenced
by thermoplastic interlayer thickness, DCB samples with 150, 300,
and 450 μm printed EMAA patterns (longitudinal orientation at 24%
areal coverage) are evaluated. Fig. 4b compares mode-I strain energy
release rate (𝐺IC), i.e., fracture resistance, versus as-printed thickness.
The thinnest (150 μm) configuration results in the lowest 𝐺IC of 580
± 14 J∕m2, roughly half that of the thicker 300 and 450 μm EMAA
interlayers, which have nearly equivalent (within 5%) 𝐺IC values of
1230 ± 128 J∕m2 and 1170 ± 22 J∕m2, respectively. Topological in-
vestigation of the fracture surfaces reveals largely adhesive failure for
the 150 μm pattern, characterized by a majority of EMAA retained on
one half of the DCB samples. In contrast, the two thicker interlayers
exhibit cohesive fracture where EMAA is retained on both halves of the
DCB samples. The larger print thicknesses may favor cohesive failure
not only due to increased crack tortuosity, but also a greater volume
of EMAA for incorporation and anchoring into the micro-textured
reinforcement during melt consolidation (see Fig. A.1). These results
reveal a threshold as-printed thickness to achieve cohesive failure of
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the EMAA domains, which is ideal from both a toughening and healing
perspective. Since the two thicker patterns have statistically equivalent
fracture resistance (𝐺IC), the lower 300 μm thickness is selected for
all subsequent evaluations as it represents the lowest volume fraction
(≈0.7–2.1 vol% depending on areal coverage) thus better preserving
other structural performance metrics.

Upon selecting an ideal pattern thickness, the effect of EMAA areal
coverage and orientation on interlaminar fracture are investigated.
Representative load–displacement curves for plain DCB samples and
those with EMAA midlayers printed at 12, 24, and 36% areal coverage
in both longitudinal (L) and transverse (T) orientations are shown
in Fig. 4b. Significant toughening compared to a plain composite is
evident from the load–unload curves where EMAA-modified composites
encompass more area (Eq. (3)), which increases with an increase in
areal coverage. Printed pattern orientation with respect to the crack
propagation direction (L vs. T) has a lesser effect on the global fracture
energy evidenced by relatively small differences in load–displacement
area, which further diminishes at higher areal coverages. However,
orientation does affect the local fracture response, clearly shown by the
longitudinal (L) and transverse (T) load–displacement curves at 12%
areal coverage. For the longitudinal pattern, steady crack propagation
occurs with a smooth decline in measured load as the crack grows. The
crack front shown at the bottom of Fig. 4d maintains a characteristic
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Fig. 4. Interlaminar fracture toughening. (a) A depiction of the desired cohesive failure of printed thermoplastic (EMAA) domains to provide interlaminar fracture toughening.
(b) Critical strain energy release rate (𝐺IC) for composites with varying as-printed EMAA interlayer thicknesses (150, 300, and 450 μm) in a longitudinal (L) pattern at 24% areal
coverage. Inset optical images show representative fracture surfaces from top/bottom halves of tested DCB samples (scale bar = 5 mm). (c) Representative load-displacement
curves for plain GFRP composites and laminates containing longitudinal (L) and transverse (T) EMAA midplane patterns at 12%, 24%, and 36% as-printed areal coverage.
(d) Crack propagation behavior at specific locations in (c) showing crack front shape for longitudinal and transverse pattern orientations at 12% and 36% areal coverage (scale
bars = 10 mm). (e) Fracture resistance (R-curves) for respective samples in (c) that are constructed using modified beam theory. (f) 𝐺IC values for respective samples in (c)
calculated via the area method; numbers at the bottom of bar plots indicate the normalized 𝐺IC values with respect to plain composites. Error bars in (b), (e), and (f) represent
the standard deviation from the mean (n = 3).
parabolic (i.e., ‘‘thumb-nail’’) shape throughout propagation [60]. Con-
versely, the load–displacement curve for transverse (T) 12% pattern
exhibits a stick–slip behavior [61,62], as indicated by the rise and fall
of the measured load as the crack grows. The correlated crack front
images in Fig. 4d show that the peaks correspond to the crack front
flattening (i.e., blunting) as the crack interacts with a transverse printed
trace, while the valleys correlate to steady crack propagating through
the plain composite sections between traces with a similar thumb-nail
shape observed for longitudinal (L) patterns. The differences in local
propagation behavior are less prevalent with increasing areal coverage,
i.e., nearly identical behavior is displayed at the 36% areal coverage
between the longitudinal and transverse orientations. As shown in
Fig. 4c for 36% samples, a relatively smooth decline in load with crack
growth is noted for both pattern orientations, with Fig. 4d showing a
consistent parabolic crack front profile.

Representative fracture resistance curves (i.e., R-curves) for each
sample type are shown in Fig. 4e that are calculated via modified beam
theory (Eq. (1)) at 5 mm crack growth increments (𝛥𝑎) through the en-
tire 50 mm delamination. The R-curves for all samples initially increase,
but after reaching 𝛥𝑎 = 10 mm they plateau, at which point the crack
growth rate becomes steady. Fig. 4f provides a comparative summary
of 𝐺IC calculated via the area method (Eq. (2)) versus pattern areal cov-
erage, which is the dominant parameter for the amount of toughening
attained. Composites with 36% EMAA areal coverage exceed a 450%
increase in fracture resistance compared to plain laminates with a 𝐺IC
of 420 ± 13 J∕m2. A nearly linear increase in 𝐺IC with increased areal
coverage is observed, with the transverse patterns exhibiting a slight
increase over longitudinal orientations that diminishes with increased
areal coverage and becomes statistically indistinguishable at 36%.

3.3. In situ self-healing

Following investigation of EMAA fracture toughening behavior, sim-
ilarly patterned DCBs—yet now containing resistive heaters for in situ
self-healing via thermal-remending (Fig. 5a)—are evaluated to study
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the effect of EMAA areal coverage and orientation on healing efficiency.
Fig. 5b shows a representative top surface temperature profile of a DCB
in the load frame during in situ healing (𝑇ℎ = 130 ◦C) where fairly
uniform heating is achieved across the entire delamination region (𝛥𝑎
= 50 mm). Since the IR camera only captures surface temperature, we
resorted to finite element (FE) modeling to ensure that the temperature
in the interior also remains below 𝑇𝑔 at the target input power (12 W).
Figure S2 compares the results from a 3D FE heat transfer simulation
with experimental 2D measurements, which match well. The numerical
results reveal that, at steady-state, the average measured top surface
temperatures and simulated midplane temperatures are within 5 ◦C
of each other in the 50 mm fracture/healing region, and below 𝑇𝑔 ,
whereby the composite can maintain elastic modulus during repair; a
key attribute for real-world translation. DCB samples with midplane
EMAA patterns at 12, 24, and 36% as-printed areal coverages in both
longitudinal and transverse orientations are evaluated for an initial
virgin (V) fracture and 10 subsequent healing (H) cycles. Fig. 5c shows
representative load–displacement curves from each areal coverage and
orientation for the virgin, heal 1, heal 5, and heal 10 DCB tests. The
shaded regions depict evolving load–displacement envelopes as the
healed fracture resistance (𝐺IC) increases and eventually converges by
heal 10. This observed growth in healed fracture resistance is attributed
to the spreading of the EMAA over multiple healing cycles due to phys-
ical and chemical effects [56,57] and sustained cohesive failure of the
EMAA domains [58]. For 36% transverse (T) samples, out-of-midplane
delamination is observed due to excessive midplane fracture resistance
relative to neighboring layers. Further testing for such samples is not
continued, but indicates there is an upper limit to toughening/healing
before other failure modes occur. While longitudinal (L) samples of
all areal coverages display smooth load–displacement behavior in both
the virgin and healed cycles, transverse (T) patterns only display stick–
slip behavior in the virgin cycle where such behavior is suppressed by
EMAA domains after spreading from thermal-remending.

Fig. 5d shows critical strain energy release rates and healing ef-
ficiencies corresponding to virgin (testing cycle 0) and ten healing
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Fig. 5. In situ self-healing. (a) A depiction of self-healing via in situ thermal remending where embedded resistive heaters provide thermal energy for melting, flow, and dynamic
re-rebonding of printed thermoplastic (EMAA) domains. (b) Top surface temperature distribution of a DCB specimen heated in the load frame to a target healing temperature of
130 ◦C as measured via an overhead infrared camera (scale bar = 25 mm). (c) Representative load–displacement curves for virgin (V), heal 1 (H1), heal 5 (H5), and heal 10 (H10)
DCB specimens containing longitudinal (L) or transverse (T) EMAA serpentine patterns at 12%, 24%, and 36% areal coverage. The shaded regions envelope heal cycles 1–10 for
all configurations except for the transverse (T) 36% samples which envelope heal cycles 1–5. (d) Summary of critical strain energy release rate (𝐺IC) and healing efficiency (�̂�) as
a function of testing cycle (black X’s for transverse (T) 36% samples indicate occurrence of out-of-plane delamination for 2/3 samples after heal 5 and for remaining 1/3 sample
after heal 9). Error bars represent the standard deviation from the mean (n = 3). (e) Scanning electron micrographs (SEM) illustrating the evolution in fracture surface topology
after the virgin fracture (left), heal 1 (middle), and heal 10 (right) for a 24% longitudinally patterned specimen (scale bars = 25 μm, inset scale bars = 10 μm).
cycles. Akin to the prior toughening study, pattern areal coverage has a
dominant effect on self-healing performance, with healing efficiencies
reaching 60, 85, and 100% for patterns at 12, 24, and 36% coverage,
respectively. Note, healing efficiencies (Eq. (4)) are calculated with
respect to the toughened virgin (𝐺IC) values, signifying that complete
recovery of enhanced fracture resistance is possible. Thermal remend-
ing at a target temperature of 𝑇ℎ = 110 ◦C is also achieved with minor
impact on healing performance compared to 130 ◦C since this lower
temperature is still well above the melting point of the EMAA studied
(𝑇𝑚 ≈ 85 ◦C) [58]. Healing at 110 ◦C, which is further below 𝑇𝑔 of the
epoxy matrix (≈145 ◦C), is better suited to preserve elastic modulus
during repair (Table A.2). Additionally, two types of control samples
were evaluated: (i) in situ heated but not containing any EMAA, (ii) non-
heated and containing EMAA printed at 36% areal coverage. Neither
type of control sample exhibited any measurable fracture recovery (see
Supporting Information).

Scanning electron micrographs in Fig. 5e reveal the mechanisms
driving self-healing performance. In early cycles (i.e., virgin and heal 1),
fracture surfaces show evidence of ductile cohesive fracture (tearing)
of EMAA and the formation of microporosity in the thermoplastic
as a result of aforementioned and previously studied condensation
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reactions between EMAA and the epoxy matrix. These pressurizing
reactions assist in the spreading of molten EMAA to increase areal
coverage and crack tortuosity, thereby increasing fracture resistance
with further cycling. By heal cycle 10, a densely connected microporous
network is apparent as the healing efficiency appears to converge.
As demonstrated in [58], sustained healing performance extends well
beyond the cessation of covalent/ionic reactions (and corresponding
disappearance of the microporous network) where continued hydrogen
bonding between cohesively-fractured EMAA domains provides the
capacity for prolonged recovery (up to 100 heal cycles) of interlam-
inar fracture resistance. Here we have shown that EMAA interlayer
thickness plays a critical role in producing cohesive failure, essential
for repeated repair. An as-printed thickness of 300 μm and above
is sufficient post composite fabrication to achieve cohesive fracture
of EMAA domains. Also, we reveal that printed areal coverage is
largely responsible for the amount of fracture toughening and self-
healing, while pattern orientation with respect to crack direction plays
a minor role—further diminishing with higher areal coverage and
continued fracture cycling. In other words, given sufficient density
of printed healing agent, interlaminar toughening and self-healing is
fairly agnostic to crack direction (at least for serpentine patterns),
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thus providing flexibility in multifunctional composite design. EMAA
amount and placement must also be considered in the context of other
structural properties (e.g., flexure), providing an opportunity for future
investigations.

4. Closure

This article presents a glass fiber-reinforced polymer (GFRP) com-
posite system with tailored toughening and in situ self-healing
capabilities—two attractive attributes for combating delamination,
which often curtails the service lifetime of laminated composite struc-
tures. Our approach leverages additive manufacturing to 3D-print com-
modity thermoplastic (EMAA) interlayers, achieving a 450% increase
in delamination resistance while limiting changes (< 5%) to ambient
in-plane tensile and also thermomechanical properties with respect to
unmodified composites. Notably, the repeatable in situ self-healing—
achieved via thermal remending of cohesively fractured EMAA
domains—manifests below the 𝑇𝑔 of the FRP laminate. The paper
details a systematic study that unravels how printed pattern design
variables affect toughening and healing responses. EMAA areal density
largely governs the delamination resistance and overall healing perfor-
mance. On the other hand, pattern orientation plus areal density control
local crack propagation near pattern elements: increasing areal density
or spreading of material during healing suppresses stick–slip fracture
behavior in transversely patterned samples. Further, our studies indi-
cate that in situ self-healing performance does not degrade even after
ten fracture–heal cycles.

The developed material system offers a promising and econom-
ical solution to mitigate catastrophic damage in fiber composites,
thus enabling service life extension of corresponding structures, espe-
cially those in demanding and inaccessible environments or otherwise
difficult to repair/replace. A plausible future work could develop a
mechanics-based modeling framework to gain a deeper understanding
of the multi-scale fracture and multi-physics self-healing behaviors of
this new class of FRP composites.
9

CRediT authorship contribution statement

Jack S. Turicek: Investigation, Formal analysis, Visualization, Writ-
ing. Alexander D. Snyder: Investigation, Formal analysis,
Visualization, Writing. Kalyana B. Nakshatrala: Formal analysis, Writ-
ing. Jason F. Patrick: Conceptualization, Methodology, Data Curation,
Supervision, Project administration, Funding acquisition, Writing.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
The authors declare no personal relationships that could have appeared
to influence the work reported in this paper. The self-healing com-
posite system presented in this work has been issued a US Patent
(No. 11,613,088 B2) with J.F.P. and A.D.S. as listed inventors. The
remaining authors declare no competing intellectual property interests.

Data availability

Data will be made available on request

Acknowledgments

The authors acknowledge the financial support from the Strate-
gic Environmental Research and Development Program (SERDP), USA
through grant No. W912HQ21C0044 awarded to J.F.P. The work was
performed in part at the Analytical Instrumentation Facility (AIF) at
North Carolina State University, which is supported by the State of
North Carolina and the National Science Foundation (grant ECCS-
2025064). We thank Zachary J. Phillips for assistance with thermal
data analysis and visualization.

Appendix A

See Fig. A.1, Tables A.1 and A.2.
Figure. A.1. EMAA thickness variation. Tiled optical micrographs of GFRP composite cross-sections for 24% EMAA at varying as-printed thicknesses (150, 300, and 450 μm)
showing different EMAA melt-bonding morphologies (blue overlay) resulting from respective placement between fiber-tows.
Table. A.1
3D-printed EMAA and respective manufactured fiber-composite properties.
As-printed areal coverage (%) As-printed thickness (μm) Composite thickness (mm) EMAA volume fraction (%)

12 300 3.95 ± 0.03 0.716
24 150 3.98 ± 0.02 0.710
24 300 3.96 ± 0.01 1.428
24 450 3.98 ± 0.02 2.131
36 300 3.99 ± 0.02 2.125
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Table. A.2
Thermomechanical properties, mode-I fracture resistance, and healing performance of GFRP composites.

As-printed areal
coverage (%)

𝐸′, RT
(GPa)

𝐸′, 110 ◦C
(GPa)

𝐸′, 130 ◦C
(GPa)

𝐸′, 𝑇𝑔
(GPa)

𝐺𝐼𝐶 , V
(J∕m2)

𝐺𝐼𝐶 , H1
(J∕m2)

𝐺𝐼𝐶 , H5
(J∕m2)

𝐺𝐼𝐶 , H10
(J∕m2)

0 18.4 ± 0.16 17.4 ± 0.14 16.0 ± 0.15 12.1 ± 0.31 417 ± 10 – – –
a12 18.6 ± 0.37 17.4 ± 0.24 15.8 ± 0.49 11.9 ± 0.52 965 ± 21 545 ± 2 621 ± 17 643 ± 17
a24 18.6 ± 0.21 17.4 ± 0.10 15.7 ± 0.37 11.8 ± 0.37 1513 ± 27 1109 ± 21 1357 ± 51 1398 ± 35
b24 – – – – 1359 ± 107 826 ± 85 1107 ± 56 1154 ± 41
a36 19.0 ± 0.17 17.7 ± 0.20 16.0 ± 0.25 11.9 ± 0.18 2102 ± 70 1919 ± 165 2147 ± 223 2169 ± 209

As-printed pattern thickness = 300 μm.
Healing conducted at 130 ◦C.

bHealing conducted at 110 ◦C.
Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.compscitech.2023.110073.
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