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Abstract: Carbon fiber reinforced polymer (CFRP) composites are renowned for their exceptional
mechanical properties, with applications in industries such as automotive, aerospace, medical, civil,
and beyond. Despite these merits, a significant challenge in CFRPs lies in their repairability and
maintenance. This study, for the first time, delves into the processing and self-healing capability of
aromatic thermosetting co-polyester vitrimer-based carbon fiber composites through mechanical test-
ing. Vitrimers are an emerging class of thermosetting polymers, which, owing to their exchangeable
covalent bonds, enable the re-formation of bonds across cracks. The specific vitrimer chosen for this
study is an aromatic thermosetting co-polyester (ATSP). The mechanical properties of samples were
analyzed initially through three-point bending (3PB) testing at room temperature before and after
healing (by curing samples for 2 h at 280 °C). Samples were also 3PB tested at 100 °C to analyze
their mechanical properties at an elevated temperature for comparison to the samples tested at room
temperature. To investigate the fracture properties, optical microscopy images of samples were
taken after 3PB tests, which were analyzed to observe crack initiation and crack growth behavior.
Through load—displacement curves from double cantilever beam (DCB) mechanical testing, the Mode
I crack initiation fracture toughness values of self-healed composites and control composites were
calculated to evaluate healing efficiency in ATSP CFRP composites cured at 280 °C for 2 h. Scanning
electron microscopy (SEM) showed a similar surface morphology of cracks before and after self-healing.
Micro-computed tomography (CT) X-ray imaging confirmed that the healed samples closely resembled
the as-fabricated ones, with the exception of some manufacturing voids, caused by outgassing in the initial
healing cycle. This research demonstrated the ability for the in situ repair of ATSP CFRPs by restoring the
fracture toughness to values comparable to the pristine composite (~289 J/m?).

Keywords: carbon fibers; polymer matrix composites; aromatic thermosetting co-polyester;
vitrimers; self-healing

1. Introduction

Carbon fiber reinforced polymers (CFRPs) are highly desired in many fields including au-
tomotive, aerospace, and medical industries due to their exceptional mechanical properties, such
as high elastic modulus and mechanical strength (as high as 1200-2410 MPa). These properties
often exceed those of traditional engineering materials such as steel and aluminum, while
offering the advantages of lower mass density and remarkable corrosion resistance [1-7]. In
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a polymer-based composite, the matrix is a thermoset or thermoplastic [8-10]. Thermoset
matrices contain polymer chains connected by strong covalent bonds, forming a network
structure post-curing, offering enhanced thermal stability and strength [7,11-14]. There-
fore, thermosets are extensively used in various sectors, including aerospace and wind
energy [7,11-13].

Although thermoset composites have desirable properties, a main challenge is main-
tenance and repair, which is required upon the formation of microcracks, for instance,
due to cyclic loading and fatigue damage, especially in aerospace epoxies [14-17]. In
contrast, cracks in thermoplastics can heal by means of chain reconfiguration with heat,
allowing dispersive bond reformation when crack faces are brought together above their
glass transition temperature (Tg) [14,18].

Numerous studies have achieved self-healing in thermoset composites via incorporat-
ing microcapsules or microvascular networks to deliver healing agents into cracks after rup-
tured as well as self-healing intrinsic reactions in composites [19-28]. Microcapsule-based
strategies include utilizing encapsulated healing agents such as ruthenium-based cata-
lysts (Grubb’s catalyst, G3) with 5-ethylidenenorbornene/dicyclopentadiene (ENB/DCPD)
microcapsules [24-31], which demonstrated a 50% healing efficiency [24]. Although self-
healing occurs through these microcapsule strategies, challenges persist such as monitoring
the full use of healing agents and addressing insufficient microcapsule integration, resulting
in partial self-healing. To combat this issue, Dry et al. developed a self-healing strategy
involving microvascular networks, which embed liquid healing agents in hollow fiber or
tubes. These methods increased the content of liquid healing agent that is injected into
the samples’ crack planes [32-35]. Some approaches use larger channels filled with resin,
while others use smaller glass fibers filled with a cyanoacrylate resin to both heal and
support the structure [36-38]. These techniques can restore ~97% of a material’s flexural
strength [23,38-44]. However, microvascular networks have disadvantages such as the need
for low-viscosity resin to facilitate fiber infiltration and thermal strains in the composite due
to thermal expansion coefficient mismatches. Moreover, given the much wider diameter of
the microvascular tubes, the presence of the tubes required the removal of a large number
of fibers, thereby diminishing the performance of the as-fabricated composites.

To address these challenges, it is desired for the thermoset matrix to exhibit reversible
interchain bonding capability. This property enables damage repair similar to thermoplas-
tics. To integrate these features, reformable covalent bonds are incorporated into the matrix,
allowing thermoset network reconfiguration. In the 1990s, Economy’s research group
pioneered thermoset polymers with plasticity and adhesive bond formation across inter-
faces from bond exchange reactions [45,46]. From epoxy resins containing polyester bonds,
Leibler et al. drew an analogy to glass by naming thermosets possessing exchangeable
bonds as vitrimers [14,47]. Vitrimers’ network structures can be reversible at/above certain
temperatures depending on chemical composition [14,46]. Prior to crosslink formation,
vitrimers exhibit viscous properties ~Tg according to Arrhenius’ law [48,49]. At around
the so-called freezing transition temperature (Tv), reversible reactions occur at labile sites,
enabling self-healing and thermoplastic-like behavior [50-53].

Vitrimers, which can be utilized as a matrix material in CFRPs, should also demon-
strate enhanced mechanical strength and retain bond exchange capability through covalent
adaptable networks such as transesterification [53-55]. Transesterification exchanges bonds
between beta-hydroxyls and esters cause epoxy precursor reactions with acids or anhy-
drides. Transesterification can be accelerated by metal-containing compound catalysts,
such as zinc catalysts, which modulate epoxy resin reactivity through ligand exchange,
causing anhydride ring-opening (3-hydroxyl ester chain formation, resulting in monoester
and carboxylic acid production [4]. In one study, diglycidyl ether (DGEBA) epoxy resin
was treated with glutaric anhydride treatment. These samples underwent two different
cure cycles: 180 °C for 4 h and 200 °C for 4 h. After DCB testing and healing, samples
cured at 200 °C exhibited higher healing efficiency (~80%), compared to ~65% for samples
cured at 180 °C [55]. In another study, a vitrimeric epoxy system was synthesized using
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DGEBA and AV5 (1:1 epoxy/acyl ratio with 5% zinc acetate catalyst). DCB tests showed a
decrease in Gjc for AV5 samples compared to epoxy resin A samples. Furthermore, lap
shear tests on AV5 samples heated to ~200 °C revealed an ~84% healing efficiency [54].
These vitrimeric composites are desirable due to their recyclability, repairability, and repro-
cessability. Challenges include depolymerization and repolymerization as a self-healing
mechanism to maintain composite integrity, especially at high temperatures >300 °C. Vit-
rimers withstanding high temperatures and maintaining integrity are sought to address
these challenges.

One particularly high-performing vitrimer, which contains an effective combination of
thermoset and thermoplastic properties, is known as aromatic thermosetting co-polyester
(ATSP) [56]. ATSP contains crosslinked aromatic polyester oligomers, which have two
oligomer types: those with acetoxy end groups (A-type) and those with carboxylic end
groups (C-type). The oligomer combinations can include CB2AB2 and C1A1, derived
from oligomer types such as C1, CB, Al, and AB, where B is derived from bisphenol
diacetate. The ATSP family of vitrimers has notable properties such as self-healing, high T,
(174-310 °C), and resistance to high temperatures (>300 °C) [57,58]. The self-healing mech-
anism in ATSP is activated by interchain transesterification reactions when ATSP reaches
temperatures > Ty [15,57-60]. These curing reactions involve covalent bond exchange be-
tween two thermoset ATSP sheets by reversible bonding through acidolysis and esterolysis
with acetic acid by-products [57,61]. Uniquely, among published vitrimeric materials, ATSP
resins are all fully aromatic thermosets—giving them very high Ty values among vitrimers.
Additionally, their potential for strong liquid crystalline character, as introduced by their
aromatic polyester repeat units, introduces characteristics, advantages, and challenges not
typically seen in vitrimers [6].

Previous experimentation demonstrated that ATSP has minimal moisture absorption,
similar to epoxy resins, and enhanced thermal stability, which is comparable to high-
performing thermoset polyimides [62-64]. ATSPs have easier repairability than both polyimide
and epoxy materials. ATSP is stable in air at 350 °C and also surpasses the decomposition
thresholds temperature of most thermally stable epoxies in air (~170-190 °C) [65,66]. ATSPs
have increased durability from physical aging since the moisture pickup of ATSP is low
(0.3 wt%) compared to polyimides (2.6%) and epoxy (2.3%) [64-66]. These ATSP properties
are desirable for high-temperature applications such as tribology, aerospace, oil and gas,
and automotive industries [59,67,68].

In the present study, CB2AB2 ATSP was used as the matrix material to create CFRP
composites to evaluate ATSP’s self-healing properties on pre-notched samples and bending
coupons. The CB2AB2 resin was chosen from the studied ATSP-type resins due to its
lowest Tg within the family (174 °C) and because it was previously studied for its effective
reversible bonding performance on metallic adherends. These characteristics suggest that
it would perform well as the CFRP’s matrix phase [58,61]. For the pre-notched samples,
CFRPs were DCB-tested before and after self-healing to evaluate healing efficiency after
a cure cycle. Based on load-displacement curves from DCB testing, the Mode I crack
initiation fracture toughness (Gic) and healing efficiency of ATSP CFRPs were calculated.
Morphological analysis from SEM imaging and micro—CT X-ray imaging of the crack
surfaces for both the as-fabricated ATSP CFRP samples and self-healed samples show
evidence of similar surface morphology. In addition, 3PB testing of CFRPs was conducted
to analyze mechanical properties at room temperature before and after self-healing at
280 °C for 2 h based on fracture mechanism behavior. The ATSP CFRP samples exhibited
reduced fiber failure due to fiber sliding in 3PB testing conducted at room temperature
before and after healing.

2. Experimental Section
2.1. Materials

The vitrimer used in this study was CB2AB2 ATSP, which was supplied by ATSP
Innovations (Houston, TX, USA). N-methyl-2-pyrrolidone (NMP) was purchased from Millipore
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Sigma (Burlington, MA, USA). Unidirectional carbon fiber sheets (12K unidirectional carbon
fiber fabric, 95% carbon; Fiber Glast, Brookville, OH, USA) were used for composite fabrication.

2.2. ATSP CFRP Composite Processing

Composites were fabricated by first coating unidirectional carbon fiber sheets (12K
unidirectional carbon fiber fabric, 95% carbon; Fiber Glast, Brookville, OH, USA) with
ATSP and NMP, using a convection oven and a hot press. Eight 254 mm x 254 mm carbon
fiber sheets were coated with a mixture of ATSP (CB2AB2) and NMP. The ATSP (density:
1.32 g/cm3) and NMP were stirred via magnetic stir bar for 24 h at 400 rpm at room
temperature. This mixture was then sonicated for 30 min and then magnetically stirred
at 900 rpm at 90 °C for 24 h. The ATSP/NMP mixture was applied to each carbon fiber
sheet with a roller and spreader. Sixteen sheets were placed in an oven to evaporate the
NMP at 60 °C for 12 h. These sheets were then partially cured in the oven at 230 °C for 1 h
followed by 260 °C for 1 more hour. After the partial cure to form the thermoset network
from ATSP in the carbon fiber sheets, the sheets were cut into thirty-two 127 mm X 254 mm
sheets. In preparation of hot pressing these sheets, an aluminum plate was prepared with a
release layer of aluminum foil sheet, and sixteen carbon fiber sheets were placed on top.
Six 63.5 mm aluminum foil sheets (three sheets at each end for DCB sample preparation)
were placed between the two middle plies to maintain the pre-crack regions of the com-
posite panel. The pre-crack dimensions were selected as per ASTM 5528 standards. The
remaining sixteen carbon fiber sheets were then positioned, followed by the placement
of another aluminum plate on top, and underwent hot pressing at 330 °C for 1 h under
5 MPa. This completed the composite laminate configuration of [0]14s. The samples were
removed from the hot press to cool, demolded, and cut into fourteen pieces via computer
numerical control (CNC) (Mega V Router; Mill Right CNC, Leesburg, GA, USA) and a band
saw. T-shaped sample grip fixtures were made from aluminum and fitted with aluminum
rods. The grips were designed and cut from an aluminum plate. To prepare the samples for
DCB testing, grip fixtures were fitted with resin glue on the pre-cracked end of the samples.
ATSP CFRP samples with attached grip fixtures were fitted in the sample grip fixtures for
DCB testing. A schematic of the procedure to construct ATSP CFRP samples is illustrated
in Figure 1.

Aluminum Plate 4
— Alumi &
L 1~ — Sheets ) /
= —
uminum Foil Inserts
§ Aluminum Sheets
H. Aluminum Plate l.

Figure 1. Schematic of ATSP CFRP composite processing is shown. (A-C). NMP-ATSP solution
was obtained through a series of magnetic stirring and sonication. (D). The solution was spread onto
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carbon fiber sheets. (E). Coated carbon sheets were cured in the oven. (F). ATSP-coated cured sheets
were taken out of the oven. (G). Coated cured sheets were laid up. (H). The carbon fiber sheets,
aluminum foil sheets, aluminum foil inserts, and aluminum plates were laid up for hot pressing. (I).
The sample was hot-pressed. (J). The completed ATSP CFRP panel was removed from the hot press.
(K). The panel was cut into fourteen samples. (L). Grip fixtures were glued to samples for DCB testing.

2.3. Sample Preparation and Mechanical Characterization of the Composites

For the three-point bending (3PB) tests, the composite panel was cut into samples for
three-point bend (3PB) testing with dimensions of ~63 mm x 12.50 mm X 2.5 mm. The
3PB testing was performed at 1 mm/min using the ASTM 7264 standard with a gauge
length of ~48 mm in two different temperature conditions: room temperature and 100 °C.
A minimum of three tests were performed per case. To evaluate the ability of the material
to recover from plastic deformations, the 3PB tests were carried out in a displacement-
controlled mode, and the displacement was continued beyond the peak load, followed by
unloading. The mechanical properties of the samples, namely the flexural strength and
modulus, was compared between the samples tested at room temperature and elevated
temperature to evaluate the effect of thermally induced softening and the viscoelastic
behavior of the matrix on the overall mechanical properties of the composites.

Next, we utilized the exchangeable bonds in the matrix to recover the initial unbent
shape of the 3PB tested samples. To this end, the plastically bent samples were heated in the
oven at 280 °C for 2 h by clamping them between two aluminum plates under ~0.03 MPa.
This temperature was selected to be considerably above the vitrification temperature to
accelerate the healing of the samples. These samples were then retested at room temperature
to compare and evaluate the extent to which the mechanical properties of the unbent
samples were recovered. The room temperature samples underwent two healing cycles and
retested for 3PB testing at room temperature. Flexural strength, modulus, and maximum
strain were calculated after 3PB testing.

The flexural strength (o) was calculated by using Equation (1), where P is applied
force (N), L is gauge length (mm), b is width (mm), and # is thickness (mm):

3PL

T o2 M

The flexural secant modulus of elasticity (E}eca”t) was calculated by using Equation (2),
where m is the slope of the secant of the force—displacement curve.

L3m
4bh3

secant __

()

Moreover, the maximum strain experienced by the sample at the peak load (emax)
during the 3PB test was calculated by Equation (3)

65h
€max = ? (3)

2.4. Double Cantilever Beam Testing (DCB) and Self-Healing Cure Cycles

The DCB test was performed on ATSP CFRPs following the ASTM 5528 standards at
a strain rate of 5 mm/min with a 2.5 kN load cell (MTS Systems Corporation, Eden Prairie,
MN, USA) on the MTS Insight electromechanical tester machine (MTS Systems Corporation,
Eden Prairie, MN, USA). The dimensions of each sample were 127 mm x 20.27 mm X 2.78 mm.
The samples were secured by using pneumatic grips powered by compressed air on the
sample grips holding the grip fixtures. During DCB testing, crack growth was measured
optically by video recording the crack propagation so that data retrieval and video were
concurrent. Crack length, 4, was measured as the horizontal distance from the T bars to the
end of the pre-crack region (Figure 2).
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The DCB tests were run on each sample before and after healing (cure) cycles. Based
on the test and healing procedure, the four samples were DCB-tested initially and then
samples were cured at 280 °C for 2 h and cooled for 1 h. For the cure cycle, the samples with
propagated cracks were placed between two aluminum plates wrapped in aluminum foil
and secured by a clamp. Each sample was then self-healed in a Vulcan oven at 280 °C for 2 h
and cooled for 1 h by clamping a sample between two aluminum plates under ~0.03 MPa.
Following the cure cycles, the samples were tested again. Load-displacement data were
recorded during the DCB tests to extract fracture toughness. The DCB experimental setup
is shown in Figure 2.

Virgin & healed f4_SampIe DCB Test
Sample \O Grip
: | " Thar

: 2 CFRP Sample
LR — ]

L',: a: crack length

@)

1360

Healing Cycle

ATSP CFRP Sample

o

Pre-crack

Oven: 280°C, 2 hours

Figure 2. The virgin composite is first subjected to DCB test, followed by self-healing cycle and a
subsequent DCB test to characterize the performance of the healed sample relative to the virgin material.

2.5. Measurement of Mode I Fracture Toughness and Healing Efficiency

The load-displacement data were then used to calculate Mode I interlaminar fracture
toughness, Gc (J/m?), by using Equation (4), where AU is change in internal work (N mm),
b is width (mm), a is crack length (mm), P is the load at crosshead displacement (N), ¢ is
the displacement (mm), w is width (mm), and a is crack length (mm):

6

Gic = % where AU = /0 Pdd| s @
where P and 6 were obtained from the DCB testing, and b was measured for each sample [69].
a was acquired optically from the video of the crack growth. The G;¢ was calculated for all
samples before healing (virgin sample) and after self-healing (healed sample) and denoted
as Gic, and Gycy,, respectively. The healing efficiency (H) of the ATSP CFRP samples was
assessed by dividing the Gjc value before self-healing (Gjc.y) by the Gic of the sample after
self-healing (Gjc.p,), as presented in Equation (5) [24]:

Gic—

H(%) = =221 % 100 (5)
Gic—v

The “area” approach laid out in Equation (4) to calculate the fracture toughness from

DCB tests, unlike other methods, such as the “compliance” method, does not require

compliance corrections based on the “true” value of the crack length [70]. Therefore, even
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though it cannot be used to obtain an R-curve by calculating values of Gjc at different crack
lengths, it is commonly used in the self-healing literature [71].

2.6. Material Characterization

A V2 Teledyne Lumenera INFINITY Optical Microscope was used to image the crack
and fracture surface morphology of the 3PB samples before and after each healing cycle.
An FEI Quanta 600 Field Emission Scanning Electron Microscope was used to image the surface
morphology of the cracked surface of the samples before and after self-healing. Micro-CT X-ray
imaging, utilizing the North Star Imaging (NSI) X50 X-ray/CT, was used to examine the internal
structural morphology of ATSP CFRP samples before and after self-healing.

3. Results and Discussion
3.1. Identification of the Vitrification Temperature

To determine the temperature conducive to the healing process, we initially assessed
the vitrification temperature of the polymer. The vitrification temperature, Ty, represents
the lower temperature threshold at which healing may take place, with the option of em-
ploying higher temperatures to expedite the healing process. Traditionally, the vitrification
temperature for self-healing thermosets is analyzed via either a fixed-displacement stress
relaxation analysis or a fixed-load creep study. These methods determine the temperature
at which the material begins to undergo plastic flow, representing a macroscale response
that corresponds to molecular bond exchange behavior. For both the CB2AB2 material
and ATSP copolyester vitrimers, analysis via these methods is obfuscated by significant
viscoelastic response. Previous studies into the wear performance of materials within this
family have shown significant elastic recovery via indentation testing [72-74]. As such,
to confidently demonstrate the presence of self-healing behavior within the material, a
cyclic creep test methodology was developed using a 30 min on-off loading cycle at 20 °C
temperature increments and a loaded stress of 100 kPa. This procedure follows a prior
study, which used a similar methodology to demonstrate self-healing but not to precisely
determine the vitrification temperature [74]. Testing was performed using a PerkinElmer
DMA 8000 in tensile mode, with a grip spacing of 10 mm; the raw test data are shown in
Figure 3A and can be interpreted directly by noting trends in residual displacement after the
material is relaxed. Under this testing regime, the material exhibited residual deformation
until 140 °C, followed by recovery to an amount of permanent deformation that falls within
the measurement error of the machine by 180 °C, indicating Ty = ~160-180°C, highlighted
in Figure 3B.

'r ________________________________ "
A o030 nB o, 1
-+ Displacement under applied load | : :
0.25 - # - Residual displacement (no load) I : ’é‘ :
<t E o015 I
—_ | ~ |
g o2 A s I
~ g 1
= A Il = 1
2 015 I E oo :
= e S I

g P ] 7}
- | |
5 010 . W= I
s 2 13 I
2 . 1 S 0005 1
S S di2 l
: k& i
T e e e | I
0.00 ——Ae—e=-d-==k | 0 1
Test Temperature (°C) \ : Temperature (°C) :

\
1

Figure 3. Vitrification temperature analysis showing (A) raw data from cyclic creep loading tests and
(B) residual deformation in unloaded test sample as temperature is increased.
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3.2. Mechanics of Vitrimeric Composites at Room and Elevated Temperatures

Advanced polymer-based composites are often exposed to temperatures above room
temperature during their lifetime. A limiting factor at such temperatures includes various
molecular relaxation mechanisms, such as polymer chain segmental mobility, as well as
thermal degradation. To evaluate the mechanical behavior of vitrimeric composites, their
mechanical properties such as flexural strength and modulus were measured via three-
point bending (3PB) testing at two different temperatures: room temperature and 100 °C.
This temperature range was chosen such that the dependence of the mechanical properties
of the vitrimeric composites on temperature can be compared and contrasted with the
corresponding changes in conventional epoxy composites in the literature [75,76]. The 3PB
tests were displacement controlled, and the load applied to the midspan of the sample
was monotonically increased until a peak in the load was achieved followed by ~3 mm of
extra deflection (corresponding to a maximum tensile strain of ~1.2-1.4%). The applied
deflections beyond the peak load were primarily intended to induce damage and plastic
deformation in the sample and to subsequently explore the utility of the bond exchanges to
recover the initial shape via thermo-mechanical processing.

In the samples that were mechanically loaded at room temperature, the load dropped
suddenly when the peak load was reached, due to fiber rupture on the tensile side
(Figure 4A). The damage, which mainly occurred during the ~3 mm deflections past
the peak load, were studied via optical microscopy. Samples experienced material failure
and structural damage (buckling) on the tensile and compressive sides of the sample,
respectively, during 3PB testing, as seen from optical images in Figure 4C. On the tensile
side (the face that is away from the loading fixture), the surfaces experienced fiber-matrix
separation, with some fibers being fractured by the application of high tensile forces. Addi-
tionally, matrix cracks were observed on that surface. Conversely, on the compressive side,
fibers exhibited breakage, often accompanied by sharp-edged matrix fractures resulting
from buckling and fiber deformation away from their straight axis, rather than fiber—-matrix
separation. However, in the samples that were 3PB-tested at 100 °C, upon reaching the
peak load, a gradual decline in the load with displacement was observed, indicative of
the sliding between fibers (Figure 4A). The optical images support these findings, as seen
in Figure 4C. Comparing initial 3PB tests conducted at room temperature and at elevated
temperature, 3PB test analysis reveals that no significant fiber breakage occurred at elevated
temperature, since fibers were able to slide during loading.

The flexural strength and modulus of the samples tested at RT and elevated tem-
perature were then estimated from the 3PB load-displacement curves, as presented in
Figure 4D,E. The measured strength and modulus of the samples at RT are
888.6 &= 109.2 MPa and 86.03 £ 10.2 GPa, respectively, which is comparable to the prop-
erties of advanced composites made with conventional epoxy resins [77,78]. Moreover,
the strength and modulus of the samples at RT are ~59% and ~58% higher than the high
temperature values, respectively, reflecting the molecular relaxation mechanisms in the
matrix at the elevated temperatures. The drop in strength and modulus in our vitrimer
composites at elevated temperatures is comparable to those obtained from continuous
carbon fiber composites with conventional epoxy matrix [79]. Given the permanent nature
of covalent bonds in the conventional epoxy matrix and the dynamic nature of those bonds
in ATSP, this favorable comparison reveals the robustness of the exchangeable bonds in our
matrix material.

Next, in the plastically deformed three-point bent samples, we studied the utility of the
bond exchanges to recover their initial flat shape. For this investigation, the plastically bent
samples were subsequently placed in an oven at 280 °C for 2 h at ~0.03 MPa of pressure. As
a result of the application of the applied pressure and temperature, the initial shape of the
samples (straight bars with no bent) was fully recovered, indicating the significance of bond
exchanges in recovering the initial shape of the bars. The images of samples before and
after 3PB testing in different temperature conditions as well as the healing setup are seen in
Figure 4B. To quantify the extent of the recovery in mechanical properties, the plastically
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deformed and subsequently straightened samples were subjected to 3PB tests. Flexural
strength and modulus were calculated for these samples before and after healing, as shown

in Figure 4D,E.
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Figure 4. (A) Representative load—displacement curves are seen for samples 3PB tested at room
temperature, 100 °C, and after one cycle of healing for the room temperature samples. (B) (Top)
Schematic of 3PB sample is shown. (B.1) Schematic of 3PB test, (B.2) top view of the as-fabricated
sample, (B.3) side view of the 3PB sample tested at room temperature, (B.4) side view of the 3PB
sample tested at 100 °C temperature, (B.5) the plastically deformed samples flattened out to their
initial shape. (C) Digital images of samples before and after 3PB testing and healing with healing
set up for room temperature samples shown. (D) A graph comparing average flexural strength
of 3PB-tested samples is shown. (E) A graph comparing average modulus of 3PB-tested samples
is shown.

As seen from Figure 4, the strength and modulus of the hot-pressed samples is nearly
50% of the as-fabricated samples. While the full recovery of the initial flat shape is indicative
of the role of bond exchange at elevated temperatures that allows for sliding between fibers,
the recovery in mechanical properties is only partial, mainly due to nonreversible damages
accumulated on the sample, such as fiber failure.

3.3. Mode I Fracture Toughness of Virgin and Healed Vitrimeric Composites

DCB test was conducted on composite samples, and foe each sample it yielded a
load vs. displacement curve in a displacement-controlled loading. In this curve, the force
initially increased with displacement. Throughout this phase, the crack mouth opened
without any apparent crack growth. Following this initial rise, the load rapidly decreased.
When synchronizing the data with a video of the DCB testing, this decrease was associated
with crack growth as well as a resounding crack noise. After this load drop, the load-
displacement curve showed a saw-tooth behavior, corresponding to instances of crack
growth and crack arrest [80]. The sample was fully unloaded when the crack grew by
~20 mm from the initial crack length (ap) of ~54 mm at a rate comperable to the loading
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rate. As expected, the accumulated damage on the sample led to a reduced stiffness, such
that the zero load corresponds to nearly zero displacement. A representative example of a
load-displacement curve with a change in crack length (Aa) for an ATSP CFRP sample is
shown in Figure 5.

30 r __ - 25
—Virgin P-A
—Healed P-A
25 || ==-Virgin Crack growth -
---Healed Crack growth 1120 €
: £
J ~
i 5]
20 g
= / 115 &
5 15t Y E
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b
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0 5 10 15
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Figure 5. DCB results used for calculating Gjc from load vs. displacement and change in crack length
of DCB testing before and after a sample was self-healed at 280 °C for 2 h.

After the crack growth, the sample was unmounted, the two faces of the crack were
pressed against one another via a grip, and the sample was placed inside an oven at 280 °C
for 2 h to complete the healing, at a pressure of ~0.03 MPa. This temperature was chosen as
it was above the Ty (~160 °C) after vitrification temperature analysis, as seen in Section 3.1,
which is required to trigger the bond exchange and reformation of the crosslinks (Figure 5).
The fixtures were mounted onto the healed samples, and the DCB tests were repeated to
measure Gjcj.-

The fracture toughness of the virgin and healed samples, Gjc., and Gjc, respec-
tively, were calculated as discussed in Section 2.5 and compared in Figure 6. Healing
efficiency, as the ratio of Gjcj, to Gjc.,, was estimated for all samples, as reported in Table S1
(109.48 £ 7.92). Even though the average value of healing efficiency is slightly more than
one, the values of Gjc., and Gjcj, were statistically the same as verified by a t-test with a
significance level (x) of 0.05. Here, the f-test null hypothesis is defined as foillows: there is
no significant difference between the average Gjc., and Gyc;. The p-values were calculated
by p =2 x (1 — tgs(1t1,df)) to be ~0.394, where ¢t is the t-statistic, f4; is the cumulative
distructation of the t-distribution, and df is degrees of freedom. Therefore, the p-value is
much more than 0.05, and the null hypothesis stands. The mechanisms which may lead to
slightly higher than unity healing efficiency are explained in Section 3.5.

350

300
250
200
150
100
50
0

Virgin Healed
Sample Conditions

Fracture Toughness (J/m?)

Figure 6. Gic., and Gjc, comparison is shown in the graph.
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3.4. Fracture Surface Morphology of DCB Samples

More insight into the healing mechanisms in DCB samples was obtained via investi-
gating the morphology of the samples. To study the fracture surface of ATSP CFRP samples
(both the as-fabricated samples and the virgin and self-healed samples), the sample was
loaded in the DCB test until the two parts of a sample debonded. The fracture surface
was then imaged in SEM. The fractured crack surfaces of the as-fabricated and healed
samples were SEM-imaged in the vicinity of the initial crack tip, as shown in the schematic
in Figure 7A. The crack path is prominent in the ATSP CFRP samples after DCB testing
before self-healing (Figure 7B). Prominent longitudinal intralaminar crack growth is seen
in the direction of the carbon fibers in the ATSP CFRP sample. A similar crack path is seen
along the direction of the longitudinal crack in the ATSP CFRP sample after DCB testing
after self-healing (Figure 7C). After self-healing, the crack path surface and carbon fiber
structure are similar to the surface morphology on the as-fabricated ATSP CFRP sample.
In both samples, there are observable similar appearances of surface ATSP resin residue
and carbon fibers. These surface morphological findings support the effectiveness of the
self-healing behavior of ATSP to maintain the integrity of the CFRP sample.

;@'W
sEM Image Region

Figure 7. Cross-section SEM images of the fracture surface of ATSP CFRP sample seen in the
(A) schematic of the fracture surface location (B) before self-healing and (C) and after self-healing
are shown.

3.5. Internal Structure Morphology of DCB Samples

For a more comprehensive understanding of the healing capabilities of ATSP compos-
ites, we employed micro-CT X-ray imaging to capture the as-fabricated and self-healed
conditions in various planes and locations. The schematics above the micro-CT X-ray
images presented in Figure 8A,B provide a visual reference. In the XZ plane (side-view) of
both the as-fabricated and self-healed samples comparable pre-crack regions are observed.
In the magnified view of the crack tip region in the as-fabricated sample, some voids and
gaps are observed in the composite structure, whereas there are fewer voids and gaps in
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the healed sample after 280 °C at 2 h (Figure 8A). This finding is very much in line with
the slightly higher-than-unity healing efficiency, as discussed in Section 3.1. The presence
of voids in the as-fabricated samples may reflect the outgassing from the cure reaction’s
release of acetic acid from the processing of the virgin samples, which act as a barrier to
bonding between composite plies [57]. During DCB testing, the crack mostly grew along
the mid-plane of the sample, while the presence of pores may favor slight deviations in
crack path, leading to crack growth along the trapped pores. Such crack growth will release
volatile species that are trapped in the sample, facilitating the formation of interfacial
bonds during subsequent healing. During the healing phase the voids become filled by
the self-healing mechanism of ATSP from increased trans-esterification reactions activated
by the cure cycle. Thus, the previously weakest available crack surface of the samples is
now stronger due to fewer pores for the cracks to propagate along with. It is conceivable
to eliminate the manufacturing voids, for instance, by applying higher pressure or longer
duration of curing to allow for the volatile species to leave the sample, which is a subject of
future studies.

In the front view plane (YZ plane) of the as-fabricated sample, the aluminum foil
maintaining the pre-crack area of the sample is observed along with voids and gaps, and
the initial compact structure of the composite is seen in the after pre-crack area (Figure 8B).
As seen in Figure 8A,B, the cracked area completely healed up to the edge of the pre-crack
area in both XZ and YZ planes. The micro-CT X-ray images of as-fabricated and self-healed
samples show that the overall structural integrity of the ATSP CFRP samples is restored
after self-healing.

/. 7
Pre-crack -*|  Cracked -

area 7 : area 7

A. Side view (XZ plane)

Virgin (As-fabricated),

Pre-crack (a,)

20 mm

B. Front view (YZ plane)

Pre-crack area After pre-crack area

Virgin (As-fabricated) Virgin (As-fabricated)

Healed (280°C, 2 hrs) Healed (280°C, 2 hrs)

Figure 8. Micro-CT X-ray images of the (A) side view (XZ plane) and (B) crack plane (YZ plane) are
shown of ATSP CFRP samples as fabricated and after self-healing at 280 °C for 2 h.
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4. Conclusions

The self-healing mechanical behaviors of ATSP vitrimer composites were studied
in both three-point bending and double cantilever beam tests. The healing cycle was
composed of heating at 280 °C for 2 h. In all 3PB samples that were plastically deformed,
the flat shape of the sample was fully recovered via thermomechanical treatment. After
each healing cycle, a reduction in flexural strength and modulus was observed, mainly due
to the breakage of the fiber. The restoration of mechanical properties was more successful
for samples with less broken fibers for 3PB testing after the second healing cycle. Testing at
elevated temperatures reveals that the maximum load did not exceed the breaking limits
of the fibers. This is attributed to the sliding mechanism of the fibers within the relatively
flexible/softer state of the matrix material (vitrimer), leading to reduced flexural strength
compared to testing at ambient temperature.

DCB testing before and after the self-healing of the ATSP CFRP samples demonstrates
elevated healing efficiency, which shows the effectiveness of ATSP’s self-healing properties.
SEM imaging confirms that there is a similar surface morphology of ATSP CFRP samples
before and after self-healing. Micro-CT X-ray imaging substantiates the self-healing behav-
ior of ATSP in the samples, since the internal structural morphologies of gaps and voids
are decreased after ATSP CFRPs are self-healed. The healing efficiency of all samples was
very close to 100%. In some samples, the healing efficiency was barely above 100%. From
micro-CT imaging, this was attributed to the removal of the voids in the virgin sample
during healing. Despite that, the comparable properties of the healed and virgin fracture
toughness suggest that the impacts of voids on the measured properties is very minimal.
The presence of the voids was attributed to the outgassing of the ATSP during the curing
process. The propagation of cracks enables volatile species to escape from the sample,
thereby promoting improved bonding between plies during the healing process. As seen
from the results, ATSP has proven to be exceptional by offering self-healing properties that
can be used for material repair with various applications in aerospace, medicine, oil and
gas, and automotive industries.
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