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We describe a simple and scalable method for incorporating thermoplastic agents into fiber reinforced polymers
(FRPs). Poly(ethylene-co-methacrylic acid) (EMAA) nanoparticles were successfully deposited on the surface of
carbon fibers via spray coating. EMAA was finely distributed and exhibited strong adhesion to the fibers. The
EMAA-coated carbon fibers improved the fracture toughness and provided the FRPs with self-healing ability. The
resulting healing efficiency, based on the recovery of the interlaminar fracture toughness, was above 40 % and

gradually decreased after three repair cycles. The repair mechanism of the system involves the inherent flow
capacity of the thermoplastic and formation of interfacial bridging between the two damaged interphases. This
methodology allows pure resin to be used without any chemical modification or adverse effects on its viscosity,
and the coated fiber can be stored until use.

1. Introduction

Over the last decade, the addition of thermoplastic additives has
proven to be an effective technique for producing self-healing fiber
reinforced polymers [1-4]. Thermoplastic polymers can induce self-
healing by molecular interfusion since the molecules of this polymer
become mobile at temperatures above their glass transition tempera-
ture, Ty [5]. This strategy has several advantages: it uses commercially
available resins; the healing agent is indefinitely dormant, thus enabling
multiple healing processes; and it is readily applicable.

According to the miscibility of the phases (thermoplastic and ther-
moset), mixtures can be divided into two types: miscible and immiscible.
Some miiscible blends include polycaprolactone (PCL) in epoxy resins
cured with an amine-type hardener [6,7] or polybisphenol A-co-
epichlorohydrin [8]. In the case of immiscible blends, one of the ther-
moplastics mostly used in composite materials is poly (ethylene-co-
methacrylic acid) (EMAA), since it forms covalent bonds with the epoxy
resin during the curing reaction and the thermal expansion of EMAA is 7
times greater than that of the resin. During the repair stage, a pressure
delivery mechanism results from the condensation reaction that takes
place between the epoxy resin and EMAA. This reaction produces bub-
bles that promote the EMAA to swell, flow into the cracks, and then bond
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with the epoxy matrix, resulting in the effective repair of the damaged
surface [9-11].

Several methodologies have been described for incorporating EMAA
into composites [1,2,10,12-34], such as discrete particles [2,29],
meshes [16], porous membranes [32], non-woven fabrics [13], films
[30], rectangular-shaped patches [14], and fibers [17]. In addition,
EMAA filaments have been stitched into the fiber laminates prior to resin
infusion or wet lay-up [15,20,22,27,28]. All these studies have
demonstrated the performance of EMAA as a healing agent, with healing
efficiencies of up to 411 % of the Mode I interlaminar fracture toughness
or efficiencies up to 110 % of the Mode II peak load [32]. These recovery
ratios are equal to or higher than those reported for microcapsule and
microvascular repair methodologies [30,35]. Recent research has shown
that EMAA intercalation between the fiber layers is the most effective
strategy, as it can stiffen the interlayer of the composites while providing
an excellent self-healing function [33,36,37]. However, many of these
methodologies may be difficult to implement industrially; EMAA pellets
must be mechanically ground into fine powder at cryogenic tempera-
tures [12,29] or hot extruded to obtain filaments [36]. Moreover, in
some cases, the EMAA distribution is not homogenous and self-healing
only occurs near its location, such as when EMAA is stitched over the
fibers [36].
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This paper presents a novel and versatile methodology for the
incorporation of thermoplastics, involving the spraying of an EMAA
nanoparticle dispersion on the surface of the carbon fibers. EMAA pellets
are dissolved and precipitated in tetrahydrofuran (THF), resulting in a
nanoparticle solution that can be easily sprayed. The EMAA-coated
composite not only shows healing capacity, but also improves Mode 1
interlaminar fracture toughness. This methodology could easily be
implemented at industrial level, where the EMAA coating could be
considered as a functional sizing due to its homogeneity and long-term
stability.

2. Materials and methods
2.1. Materials

The epoxy resin used in this study was Resoltech 1050/1053 s, a
bicomponent system composed of diglycidyl ether of bisphenol F
(DGEBF 50-80 %), diglycidyl ether of bisphenol A (DGEBA, 10-40 %),
and 1,6 hexanediol diglycidyl ether, and the hardener of
polioxialcalinoamine/n-aminoetilpiperacine/dietiletriamine. The resin
and hardener were thoroughly mixed at a specified ratio of 100:35 in
parts by weight, yielding a low-viscosity system suitable for infusion
processes. According to the supplier’s specifications, the curing reaction
was performed at 60 °C for 16 h. Unidirectional carbon fiber tape of 12
k, 340 g/m? density, and 45 pm thickness was supplied by INP96. Poly
(ethylene-co-methacrylic acid) (EMAA), Nucrel™ 925 Acid Copolymer
from Dow, was used as the healing agent.

2.2. Sample preparation

Fig. 1 shows the steps used to coat the carbon fibers with EMAA
nanoparticles:1) dissolution of the thermoplastic phase, 2) cooling, and
3) spraying and drying of the carbon fibers. In step 1, EMAA was dis-
solved in THF at a concentration of 0.012 g/ml and the solution was
heated at 50-60 °C under constant stirring in an ultrasonic bath for
15-20 min. In step 2, the solution was cooled in an ice bath and turned
milky white owing to the formation of nanoparticles [38]. In step 3, the
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solution was sprayed onto the carbon fiber surface on both sides at the
required concentration of 10 wt% in relation to the resin content in the
composite, i.e. approximately 3 wt% in relation to the composite, using
an air spray gun (RS PRO) with a 0.22 L tank and a 0.3 mm nozzle. The
solution was sonicated before use to prevent agglomeration. The air gun
was cleaned after every two or three sprays to avoid clogging of the
nozzle. The coated carbon fibers were then dried at 66 °C in an oven to
remove the solvent until the weight remained unchanged.

Composites with plain carbon fibers or EMAA-coated carbon fibers
were prepared using vacuum-assisted resin infusion (VARI). The carbon
fibers were placed unidirectionally and the infusion was made in the
fiber direction. 4-ply laminates with a thickness of 1.2-1.4 mm were
prepared for flexural and interlaminar shear strength (ILSS) tests and 14-
ply laminates with a thickness of 4.5-4.6 mm for static interlaminar
fracture toughness tests. For the latter, a Teflon thin film of 13 pm
thickness was placed along the mid-plane to initiate the delamination of
the composite. For the 4-ply laminates, all sheets contained EMAA-
coated fibers, whereas for the 14-ply laminates the coated fibers were
only laid in the 6 central sheets. The laminates were cured at 60 °C for
16 h, and then post-cured at 150 °C for 2 h in a hydraulic press to
compact the sheets. All samples for mechanical testing were cut using a
Neurtek Brillant 220 precision cutting machine.

Table 1 shows that the incorporation of EMAA nanoparticles resulted
in a slight decrease in the carbon fiber weight fraction, less than 6 %, and
a small increase in the thickness of the composites. This is due to the
volume occupied by the EMAA on the fiber, which increases the thick-
ness of the laminate. Similar results have been reported in the literature
when thermoplastic additives were incorporated into the composite

Table 1
Carbon fiber (CF) weight fraction and thickness of the different composites.
Sample CF weight fraction (%) Thickness
(mm)
4-ply laminates Uncoated CF 72 1.34 +£0.07
EMAA-coated CF 66 1.58 +£0.05
14-ply laminates Uncoated CF 75 4.20 + 0.2
EMAA-coated CF 72 4.60 +£ 0.1
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Fig. 1. Preparation of EMAA-coated carbon fibers: 1) Dissolution of EMAA in THF, 2) Cooling of the EMAA solution, and 3) Spraying of EMAA solution onto the

carbon fiber surface.
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[16,17,20]. However, the comparison of fracture toughness values be-
tween the composites is still valid, as it is not strongly dependent on the
fiber content or thickness of the composite.

2.3. Characterization

The average particle size and surface charge of the EMAA nano-
particles were measured by dynamic light scattering (DLS) using a
Malvern Nanosizer NanoZS instrument equipped with a 4 mW He-Ne
laser (A = 633 nm) and a scattering angle of 173°. The solution was
analyzed in quartz cuvettes at 25 °C. Data were processed using Zeta-
Sizer version 7.10 software, transforming the autocorrelation function
into a size distribution based on the Stokes-Einstein equation.

The morphologies of the fibers were observed using an environ-
mental scanning electron microscope (ESEM, Phillips, Model XL.30) with
a tungsten filament and an accelerating voltage of 25 kV. Prior to the
observation, the samples were sputter-coated with gold/palladium
(SC7640, Polaron).

The flexural properties and interlaminar shear strength (ILSS) of the
uncoated and coated carbon fiber composites in the longitudinal direc-
tion of the fiber were measured using a three-point bending test ac-
cording to ASTM D790-03 and ASTM D2344, respectively. The specimen
dimensions were 50.8 mm in length and 12.5 mm in width for flexural
tests and 15 mm in length and 7.5 mm in width for ILSS tests. An Instron
2204 machine was used to perform both tests, with a 1 kN load cell for
flexural tests and 50 kN for ILSS tests, at a speed of 1 mm/min. A min-
imum of five laminates were tested for each composite.

The interlaminar fracture toughness properties of the composites
under Mode I static loading were determined using a double cantilever
beam (DCB) test in accordance with the ASTM D5528 specifications. The
specimen dimensions were 100 mm in length and 20 mm in width, with
a 40 mm long pre-crack along the mid-plane. Two metallic hinges were
bonded to the end of the specimen using a two-component epoxy ad-
hesive (Araldite 2014-2) to withstand the peeling force of the load cell.
The lateral surface of the specimen was coated with a spray developer
(SKD-S2) and marked every 5 mm to observe crack growth. The test was
performed by applying a tensile load to the pre-cracked end of the
sample at a constant displacement crosshead rate of 1T mm/min using an
MTS 858 mini Bionix. A camera (Canon EOS 70D) was used to monitor
crack growth, taking pictures every 5 s. Mode I interlaminar fracture
toughness (Gp) was calculated using the modified beam theory (MBT)
method:

3PS

RN TY PRy 1

where P is the force (N), § is the displacement (mm), a is the crack length
(mm), b is the specimen width (mm), and A is the effective extent of
delamination, which corrects the rotation of the arms of the DCB.
After the DCB test, the delaminated composites were healed in a
hydraulic press at 150 °C for 120 min and a pressure (5 bar) was applied
to ensure contact between the cracked surfaces. The healing efficiency
was improved by applying pressure to the delaminated composite,
because it minimized the crack volume that had to be repaired [20]. The
healed samples were then cooled to room temperature and retested
under the same conditions described above. Self-healing efficiency was
calculated as the ratio between the fracture toughness in the repaired
and virgin states:
repaired
n (%) =9 00 (2)
G
In addition, SEM was used to evaluate the healing of the damaged
surface interphase. For this purpose, a TM3000 Tabletop Microscope
was used without sputter coating with gold.
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3. Results and discussion
3.1. Coating of carbon fibers with EMAA

Fig. 2 a shows the size distribution of the EMAA nanoparticles ob-
tained by DLS between 50 and 300 nm, with a maximum value of
approximately 120 nm. Such a small particle size can be attributed to the
high precipitation rate caused by cold quenching of the solution
compared to previously reported results under ambient conditions [38].
The polymer particle size depends on the cooling rate rather than on the
polymer concentration [39]. Therefore, the EMAA solution was cooled
in an ice bath to accelerate nucleation and, thus, reduce the EMAA
particle size. The smaller the particle size, the easier the spraying process
and the better the adhesion to the carbon fiber surface. However, when
the particles are dried after the spraying, large size aggregates are
formed (Fig. 2 b-d).

The cooling step plays a decisive role in the morphology of the
EMAA-coated fibers. When the EMAA was sprayed from a hot solution,
that is, when the EMAA was still dissolved, the coating had a similar
appearance to that achieved with the cooled solution, acquiring a white
hue (Fig. 3) However, irregular flakes were observed on the fibers,
resulting in a heterogeneous coating (Fig. 4 middle). By spraying the
cold solution, EMAA nanoparticles uniformly and homogeneously
coated the entire fiber surface owing to their large surface area. The
nanoparticles formed well-defined submicron-sized raspberry-like par-
ticles [38] (Fig. 4 bottom). Additionally, they were perfectly bonded to
the fiber surface as they could be manipulated without damaging the
coating. Thus, spray coating increased the roughness of the fiber and
provided a scalable procedure for introducing EMAA nanoparticles into
the composite.

3.2. Mechanical and healing properties of composites

Table 2 summarizes the mechanical behavior of the uncoated and
EMAA-coated carbon fiber composites in flexural, ILSS, and DCB tests.
The EMAA-coated fibers exhibited flexural and ILSS properties similar to
those of the uncoated laminate, with a slight decrease within experi-
mental error. Previous studies have reported a significant deterioration
in the material properties when incorporating EMAA [14,26,29,32,40].
Gao et al. [26] reported a decrease of 43 % in flexural strength and 29 %
in ILSS when EMAA was incorporated as a mesh over the fiber. While,
Azevedo et al. [29] reported an average strength reduction of 22 % for
samples containing 5-15 wt% EMAA as healing agent in the mid-plane
of carbon fiber-epoxy composites. Therefore, the obtained properties are
ascribed to the well-adhered EMAA particles on the fibers, resulting in a
strong interface.

The DCB test evidences the positive effect of the presence of EMAA,
yielding higher fracture energies with a toughness increase of 260 %.
Similar improvements have been reported in previous studies. Loh et al.
[30] observed that when EMAA was incorporated as filaments, the G;
increased from 1000 J/m? to 3530 J/m>. Wang et al. [14] reported in-
crements of 106 % when the EMAA was added in the form of patches
into the interlayer region of epoxy/carbon fiber laminates. This phe-
nomenon is seemingly due to the high ductility of the EMAA. When
subjected to tensile deformation, Mode I traction loads oppose the crack
opening, lowering the stress applied at the crack tip and, thereby,
increasing Mode I fracture toughness [13,21].

The DCB test was also used to study the healing capacity of the
EMAA-coated carbon fibers (Fig. 5). An example of the load vs
displacement curves for the coated carbon fiber composites for three
healing cycles is shown in Fig. 5 a. The composites exhibited the same
behavior for the three cycles; the force increased linearly in the early
stages and gradually decreased as the crack propagated. Furthermore,
the maximum force decreased in the first healing cycle and stabilized in
subsequent cycles, as reported by Shanmugam et al. [24]. As expected,
the uncoated fiber composites subjected to the same healing conditions
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Fig. 2. a) Particle size distribution of EMAA obtained by DLS; (b-d) SEM images of EMAA particles at different magnifications. Arrows indicate particles smaller than

200 nm.
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Fig. 3. Images of a) uncoated carbon fiber and b) EMAA-coated carbon fiber.

did not exhibit any healing behavior.

The Mode I strain energy release rate, Gy, was calculated at different
crack lengths once they reached a constant value. The G; value gradually
decreased with increasing number of healing cycles (Fig. 6). However,
the Gy value after the first healing cycle was higher than that of the
uncoated fiber composite. The healing efficiency was calculated using

Eq. (2), using the force and G; values obtained for each cycle. The
healing efficiency decreases as the number of repair cycles increases
from 46 % in the first cycle to 28 % and 15 % in the second and third
cycles, respectively. Notably, even after the third healing cycle, the
composite exhibited acceptable G; values. Shanmugam et al. [24] re-
ported a similar behavior when EMAA was incorporated as a polymer



M. Penas-Caballero et al.

I
500x

20 ym

Composites Part A 169 (2023) 107537

6500x

¥ §
et

)

6500x

Fig. 4. SEM images of (top) uncoated carbon fibers, (middle) coated carbon fiber sprayed with hot dissolution of EMAA, and (bottom) coated carbon fiber sprayed
with cold dissolution of EMAA.

Table 2
Mechanical properties of uncoated and EMAA-coated carbon fiber laminates.
Flexural strength Young’s modulus 1LSS G
(MPa) (GPa) (MPa)  (J/m?)
Uncoated CF 897 + 83 63+6 47 £4 1073 +
84
EMAA-coated 787 + 87 59 +6 43 +2 2758 +
CF 197
a)
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Displacement (mm)

interlayer in a carbon fiber reinforced epoxy composite. They observed
recoveries of 75.8 %, 36.9 %, and 27.6 % for three healing cycles,
respectively. They attributed this decrease to the depletion of the reac-
tive components, that is, the hydroxyl groups in the resin and the acid
groups in the EMAA, during the healing cycles. However, a plausible
explanation to this behavior can be the formation of “bridges” that act
by connecting the two surfaces of the crack (Fig. 7). When temperature
is applied during the healing cycle, the EMAA flows to the crack owing
to a pressure delivery mechanism. After cooling, the thermoplastic re-
mains tightly adhered to the matrix, forming bridging stitches [1,20,41].
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Fig. 5. Healing cycles of EMAA-coated samples from the DCB test: a) load-displacement curves and b) Mode I crack growth resistance curves.
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Fig. 6. Values of G; (left) and healing efficiency (right) for uncoated and EMAA-coated carbon fiber composites after three healing cycles.
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Fig. 7. SEM images of a repaired EMAA-coated carbon fiber composite at different magnifications.

This bridging reduces the stress acting on the crack during testing and
leads to an increase in fracture toughness. In addition to the formation of
these bridges, reactions occur between the epoxy resin and EMAA,
contributing to the strong interfacial adhesion, as previously described
in the literature [42].

Fig. 8 shows the schematic of the healing process. When the damaged
material is subjected to pressure and temperature, the thermoplastic
material flows through the crack, and ligaments are formed between the
two damaged surfaces. Both these mechanisms promote healing. During
the rupture of the material, the ligaments break and the crack propa-
gates to its initial state. This cycle is reversible, as observed in this work,
enabling several cycles of rupture and repair, but with a reduction in the
percentage of healing efficiency due to the depletion of the reactive
groups with the healing cycles.

4. Conclusions
In this study, we presented an innovative methodology for the

incorporation of EMAA-coated fibers in epoxy composites. The spray-
coating procedure had some advantages compared to those previously

reported for conferring both healing capacity and good mechanical
properties to an epoxy-based composite. First, the EMAA coating can
easily be implemented on an industrial scale and be considered as a
functional sizing, where the EMAA particles are evenly distributed over
the surface of the fibers and exhibit good adhesion, which ensures a
robust coating when handling the fibers. Second, the coating did not
drastically affect the mechanical properties, with a noteworthy increase
of 260 % in interlaminar fracture toughness. The EMAA-coated fibers
also promoted the healing capacity of the composites owing to the
inherent flow capacity of the thermoplastic and the formation of inter-
facial bridging between the two damaged interphases, with recoveries of
46, 28, and 15 % after three healing cycles, respectively.
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