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A B S T R A C T   

Self-healing composites possess the ability to self-repair in response to damage, either autonomously (i.e., 
without human intervention), or when subjected to an external stimulus such as heat. This work was focused on 
the evaluation of the interfacial self-healing capability of glass fiber-reinforced epoxy composites in which 
polycaprolactone nanoparticles were deposited as a coating on the surface of the fibers. Polycaprolactone 
nanoparticles were synthesized following solvent displacement technique and deposited on the fibers (with and 
without the sizing agent) by electrophoretic deposition. Scanning electron microscopy revealed high-quality 
nanoparticles deposition, with good level of homogeneity and compactness. Epoxy microdroplets were cured 
on the fibers and microdebonding tests were performed to estimate the interfacial self-healing capability, 
calculated as the ratio of the interfacial shear stress measured before and after the thermal mending process. An 
interfacial adhesion recovery of about 50 % was obtained, thus indicating an interfacial self-healing capability 
induced by the polycaprolactone nanoparticles.   

1. Introduction 

Fiber-reinforced composites applied as structural materials are sub
jected to various loading conditions during their service life. The stresses 
resulting in the components may generate internal and/or external de
fects whose growth can compromise the structural integrity, ultimately 
leading to catastrophic failure. Defects detection, particularly those 
present internally, is often challenging and their repair is usually costly, 
making the replacement of the component more convenient rather than 
its repair. Therefore, in the last decades, self-healing materials have 
been widely investigated to overcome this limitation. Self-healing sys
tems are a class of innovative materials that have the inherent ability to 
fully or partially recover their original mechanical properties after being 
damaged [1,2]. These systems are classified as intrinsic and extrinsic 
self-healing materials. Intrinsic systems can heal a crack through phys
ical and chemical interactions at the molecular level. Those interactions 
can be stimulated by heat or by another physical stimulus (e.g., elec
trical voltage, magnetic field, etc.) [3,4]. On the other hand, the 
extrinsic systems include auxiliary components like microcapsules [5–7] 
and vascular networks [8–10] filled with a healing agent that is released 
when the crack propagates. The biggest advantage of the intrinsic 

systems over the extrinsic ones is that the healing process is reversible i. 
e., multiple healing events can be carried out within the structure. 

In the past years, both intrinsic and extrinsic self-healing systems 
have been widely investigated for polymer matrices of composite ma
terials. Tesoro et al. [11] investigated reversible intrinsic epoxy matrices 
by the introduction of disulfide groups to obtain 90 % tensile strength 
recovery. Meure et al. [12] investigated the healing capability of poly 
[ethylene-co-(methacrylic acid)] (EMAA)/epoxy blends, highlighting 
the good compatibility between the two phases with an 85 % recovery of 
the fracture toughness upon thermal mending. Mahmood et al. [13,14] 
introduced cyclic olefin copolymer (COC) in an epoxy matrix, showing 
improvements in the healing efficiency up to 180 %. Patel et al. [15] 
studied the extrinsic self-healing behavior of glass fiber-reinforced 
epoxy composites containing microencapsulated dicyclopentadiene 
(DCPD) as healing agent. 

However, the performance of composite materials does not depend 
only on the mechanical properties of their constituents (i.e., matrix and 
fibers), but it also relies on the physical properties of the interphase. A 
failure of the interphase prevents the matrix from transferring the load 
to the fibers, ultimately causing the composite to fail. To ensure the long- 
term reliability of structural components, it is therefore essential to 
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improve the mechanical stability of the interphase. In this region, 
several adhesion mechanisms can be established, like surface adsorp
tion, molecular interdiffusion, electrostatic attraction, chemical 
bonding, and mechanical adhesion [16], which strongly affect the me
chanical properties of the final composite. Chemical and physical 
treatments of the fibers surface can generally improve those interactions 
[17–21]. Recent works demonstrated that surface coating could be a 
powerful method for the mechanical optimization of the interphase 
while imparting specific functionalities to the final composite, like en
ergy storage, healing, sensing, and strain monitoring capability [22–25]. 
The idea behind the present work is thus to create a multifunctional 
interphase by coating the fibers with polycaprolactone (PCL) deposited 
in form of nanoparticles through electrophoretic deposition (EPD) to 
impart good mechanical properties and self-healing capabilities. PCL is 
finding increasing scientific interest and attracting applications 
[26–28]. It is a thermoplastic biodegradable polyester with a low 
melting point of about 60 ◦C and glass transition temperature of about 
− 60 ◦C. At room temperature, PCL is highly soluble in various solvents, 
like chloroform, benzene, toluene, dichloromethane, and acetone, and it 
has the property of being miscible with other polymers [29–31], 
including epoxy matrices (EP) [30,32–34]. In fact, one of the most 
recent applications of PCL is as a blending agent in epoxy systems for 
self-healing applications [35]. Karger-Kocsis [36] studied the thermally 
induced healing behavior of PCL/EP blends, reporting a healing effi
ciency of up to 80 % upon compact tension tests. Yao et al. [37] inves
tigated the self-healing and shape memory capability of PCL/EP blends 
showing recovery of the tensile stress of 45 % compared to the neat EP 
samples. Recently, the use of PCL has been extended to self-healing in
terfaces in fiber-reinforced composites. Szebenyi et al. [38] investigated 
the positive results of interfacial engineered carbon fibers reinforced 
polymer (CFRP) composites where PCL is used as an interfacial 3D- 
printed interlayer material that increased the ductile pseudo-behavior 
of CFRPs. 

This work aims to develop and characterize a nanostructured PCL- 
based multifunctional interphase in epoxy/glass fiber (GF) composites, 
able to provide self-healing capability at the interfacial level. PCL 
nanoparticles were synthesized by solvent-displacement method and 
subsequently deposited on the glass fibers’ surface through an electro
phoretic deposition method [39,40]. The obtained intrinsic self-healing 
interphase was characterized from a microstructural and mechanical 
point of view. Particular attention was devoted to the healing efficiency 
of this interphase, which was determined through microdebonding tests 
before and after the thermal mending process. 

2. Experimental part 

2.1. Materials 

WINDSTRAND® glass fibers were provided by Owens Corning 
(Frankfurt, Germany) as rovings both silane-sized (density = 2.3 g/cm3, 
bundle tex = 600, average fiber diameter = 18 µm, elastic modulus = 71 
GPa) and unsized (density = 2.4 g/cm3, bundle tex = 600, average fiber 
diameter = 18 µm, elastic modulus = 69 GPa). In this paper, sized fibers 
were designated as sGF, while the unsized ones were as uGF. 

A bicomponent epoxy system constituted by an epoxy base 
(EC157.1) and an aminic hardener (W342) was provided by Elantas 
Italia S.r.l. (Collecchio, Italy) and it was used as the matrix for the 
composite systems analyzed. Both components were mixed at a weight 
ratio of 100:30 and cured for 8 h at room temperature, then for 40 h at 
50 ◦C. This curing cycle was found to be optimal for this system after 
some preliminary trials. The cured epoxy resulted to have a glass tran
sition temperature (Tg) equal to 84 ◦C, a thermal degradation temper
ature of 352 ◦C, an elastic modulus of 3.1 ± 0.2 GPa and tensile strength 
of 60.7 ± 15.3 MPa. 

FacilanTM Poly(∊-caprolactone) (PCL) was provided by 3D4makers 
B.V. (Haarlem, Netherlands) as a continuous filament (density = 1.1 g/ 

cm3, average molecular weight (Mw) = 84500 g/mol) and it was used for 
the production of PCL nanoparticles to be deposited on glass fibers. Poly 
(vinyl alcohol) (PVA) (density = 1.2 g/cm3, Mw = 50000 g/mol) and 
Polysorbate 80 (Tween® 80) (density = 1.1 g/cm3, pH = 5.5–7.5) were 
provided by Sigma Aldrich (Missouri, USA) as a powder and a viscous 
liquid, respectively, and were used as stabilizers for the preparation of 
PCL nanoparticles [39]. All the materials were used as received. 

2.2. Sample preparation 

PCL nanoparticles were synthesized following the solvent displace
ment technique, described in detail by Badri et al. [39]. A part of the PCL 
filament was cut into short chips and dissolved in acetone under stirring 
for 30 min. The obtained solution (organic phase) was added dropwise 
at a constant injection rate in a well-stirred Milli-Q water solution 
containing dissolved PVA and Tween® 80 (aqueous phase). The 
resulting mixture was then poured into a rotating evaporation device 
(Rotavapor Buchi R-114) equipped with a water bath (Buchi B-480) and 
stirred under partial vacuum (600 mbar) at 30 ◦C till complete evapo
ration of the acetone was achieved. Table 1 shows the concentration of 
each component, the stirring speed applied for both the organic and the 
aqueous solution, and the injection rate of the organic phase in the water 
solution. 

The obtained PCL water solution (0.5 mg/mL) was ultrasonicated for 
15 min at room temperature by using a FALC (Shenzhen, China) ultra
sonic bath to achieve better nanoparticle dispersion. Scanning electron 
microscopy observation (FESEM, Zeiss Supra 40, coating Pt/Pd (80:20)) 
of a single diluted drop of the prepared solution (dilution 1:10 in Milli-Q 
water) is reported in Fig. 1, together with a statistical distribution of the 
PCL particles size. The observation of the nanoparticles was conducted 
after the complete evaporation of the solvent that took 30 min at room 
temperature under vacuum. The particles presented a low level of 
agglomeration, indicating an efficient preparation method, and their 
average size was estimated equal to 65 ± 2 nm. 

Then, the PCL water solution was diluted in Milli-Q water and three 
different PCL solution concentrations (0.01 wt%, 0.03 wt%, 0.05 wt%) 
were obtained. For each solution, the values of pH were calculated by 
using a PHD1 (PCE Instruments, Meschede, Germany) pH meter, while 
the values of zeta potential were calculated by using a Beckman Coulter 
DelsaNano AT Auto Tritator analyzer (Pasadena, USA), adding 0.1 M of 
HCl. The obtained values are reported in Table 2. 

The analyzed solutions, regardless of the concentration, had a 
slightly acidic pH, strongly affected by the presence of the stabilizer 
Tween® 80. The Zeta potential values were negative and comprised 
between − 11.4 and − 16.0 mV, thus indicating potential particle insta
bility, as reported in the literature [41]. The values of zeta potential 
were acceptable for this case study, but it could be helpful in the future 
to add larger quantities of the two stabilizers to try to improve the sta
bility of the particles in the solution. Fiber coating was performed by 
electrophoretic deposition (EPD) [42,43]. A schematic view of the 
experimental setup is reported in Fig. 2a. Two copper plates were used 
as electrodes (i.e., anode and cathode) connected to a DC power supply 
(ISOTech IPS303DD). A copper window frame was used as glass fibers 
holder on which the GF bundles were glued on a bi-adhesive tape 

Table 1 
Parameters utilized for solvent displacement process.   

Parameters Values 

Organic phase PCL concentration (mg/mL) 4 
Acetone (mL) 12.5 

Water phase Tween® 80 concentration (mg/mL) 21.2 
Milli-Q water concentration (mL) 100 
PVA concentration (mg/mL) 2.5  
Stirring speed (rpm) 600 
Injection rate (mL/min) 2.5 
Rotavapor rotating speed (rpm) 400  
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(Fig. 2b). The actual setup is shown in Fig. 2c. The measure of the zeta 
potential suggested that the nanoparticle flow was directed from the 
negative copper plate to the positive one. In order to perform the PCL 
deposition on both sides of the fiber bundles, the applied voltage was 
inverted after a defined deposition time. 

A careful analysis of the deposition process was carried out to select 
the most suitable EPD parameters, in terms of geometrical configuration 
setup, time, and voltage, in order to obtain the highest PCL nanoparticles 
deposition quality as a function of the solution concentration. After 
several preliminary trials, the distance between the two electrodes and 
the distance between the positive electrode and the sample holder was 
taken as 20 mm and 10 mm respectively, while the deposition time and 
the voltage were varied. In particular, three voltages (5 V, 10 V, 30 V) 
and three different depositions times (30 s, 60 s, 120 s for each bundle 
side) were employed. Note that the position of the fibers in the bundle 
during the deposition process may affect the homogeneity of the depo
sition itself since the innermost fibers could be less coated than the 
outermost fibers. Therefore, the possibility of using bundles with low tex 
may be taken into account to ensure that the nanoparticles reach effi
ciently even the innermost fibers in the bundle. After being coated, the 
fibers were left to dry overnight at room temperature under vacuum. 
The identification of the prepared coated fibers is reported in Table 3. 

Fig. 3 (a-d) shows an example of the visual appearance of the glass 
fibers attached to the copper holder before and after EPD. The PCL 

coating was not visible by the naked eye for both sGF and uGF. The 
unsized fibers resulted to be more difficult to be treated because the 
bundles tended to open and lose their orientation during the deposition 
process. 

2.3. Experimental techniques 

The morphological analysis of the uncoated and PCL coated fibers 
was performed by a Zeiss Supra 40 field-emission scanning electron 
microscope (FESEM), operating at an acceleration voltage of 3.5 kV. 
Prior to the analysis, the samples were coated with a Pt/Pd alloy (80:20) 
coating having a thickness of about 5 nm. 

Thermogravimetric analysis (TGA) was carried out in order to 
evaluate the amount of PCL nanoparticles deposited on the surface of 
GF, by comparing the residual mass at the end of the thermal treatment 

Fig. 1. (a) FESEM image of PCL nanoparticles, (b) statistical size distribution of PCL nanoparticles.  

Table 2 
Values of pH and zeta potential for PCL water solutions at different relative 
concentrations.  

PCL concentration (wt.%) pH Zeta potential (mV)  

0.01 5.3 ± 0.1 − 16.0 ± 0.5  
0.03 5.3 ± 0.1 − 15.4 ± 1.7  
0.05 5.4 ± 0.1 − 11.4 ± 1.4  

Fig. 2. Representative images of (a) EPD schematic setup, (b) glass fibers holder, (c) EPD actual setup.  

Table 3 
List of prepared coated fibers.  

Sample name PCL solution concentration (wt.%) ΔV(V) Time(s) 

sGF / uGF  – – – 
Constant deposition time (t) = 60 s 
(s/u)GF_0.01_5_60  0.01 5 60 
(s/u)GF_0.01_10_60  0.01 10 60 
(s/u)GF_0.01_30_60  0.01 30 60 
(s/u)GF_0.03_5_60  0.03 5 60 
(s/u)GF_0.03_10_60  0.03 10 60 
(s/u)GF_0.03_30_60  0.03 30 60 
(s/u)GF_0.05_5_60  0.05 5 60 
(s/u)GF_0.05_10_60  0.05 10 60 
(s/u)GF_0.05_30_60  0.05 30 60 
Constant applied voltage (ΔV) = 30 V 
(s/u)GF_0.03_30_30  0.03 30 30 
(s/u)GF_0.03_30_60  0.03 30 60 
(s/u)GF_0.03_30_120  0.03 30 120  
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(m700) of the coated fibers with respect to the uncoated ones. The 
measurements were performed by using a TA-IQ5000 IR (New Castle, 
USA) thermobalance under an airflow of 100 mL/min in a temperature 
interval from 35 ◦C to 700 ◦C and at a heating rate of 10 ◦C/min. 

Mechanical analysis was performed to investigate the interfacial self- 
healing capability provided by the PCL coating in epoxy/GF composites. 
Microdebonding tests were performed by gluing a single GF fiber on 
paper tabs with a gauge length equal to 15 mm. One single microdroplet 
of uncured epoxy resin (volume of about 0.001 mm3) was deposited on 
each specimen by using a micropipette. In Fig. 4, representative images 
of a sample prepared for microdebonding tests are shown, analyzed by 
using a Nikon SMZ25 microscope, equipped with a Nikon DS-Fi2 digital 
camera. 

Samples were left at room temperature for 8 h and then cured at 
50 ◦C for 40 h in the oven. At least five specimens for each sample were 
tested. The microdebonding tests were conducted at a crosshead speed 
of 0.75 mm/min using an Instron 4502 (Norwood, USA) universal 
testing machine equipped with a 2.5 N load cell, as already described in 
previous articles [22,44–46]. The ratio between the maximum load 
(Fmax) at which the matrix/fiber interphase failed and their contact area 

resulted in the interfacial shear strength (IFSS), as reported in Equation 
(1): 

IFSS =
Fmax

πdL
(1) 

The contact area was calculated by measuring the diameter of the 
single fiber (d) and the bonding length (L), corresponding to the length 
of the epoxy drop in contact with the fiber, by using a Nikon SMZ25 
microscope, equipped with a Nikon DS-Fi2 digital camera. The average 
debonding length was measured equal to 375 ± 25 µm. In the same way, 
it was possible to evaluate the interfacial adhesion values between the 
matrix and the PCL coated fibers (IFSSPCL) considering Fmax as the 
maximum load at which the matrix/(PCL coated) fiber interphase failed 
and d as the diameter of the single PCL coated fiber. 

The post-damage frictional response of uncoated and PCL-coated 
fibers was investigated by control tests consisting of post-debonding 
run at room temperature after a 60-minute waiting time. In this sense, 
the interfacial adhesion values for post-debonding behavior were eval
uated as IFSSCONTROL, considering Fmax as the post-damage frictional 
load and d as the diameter of the single uncoated or PCL coated fiber. 

The thermal healing of the microdebonded specimens was performed 
by heating them in an oven at 80 ◦C for 1 h, as previously indicated by 
Invernizzi et. al. [47]. It is important to notice that this temperature is 
above the melting point of PCL (60 ◦C) and below the glass transition 
temperature (Tg) of the epoxy resin (84 ◦C), thus to maximize the 
healing efficiency [36,48]. After being healed, the samples were re- 
tested following the same procedure previously described. The gross 
healing efficiency (HE%) was calculated as the ratio between the inter
facial shear strength values after (IFSSPCL_H) and before (IFSSPCL) the 
healing process, as reported in Equation (2). 

HE% =
IFSSPCL H

IFSSPCL
× 100 (2) 

Since the operating temperature for the healing is in the proximity of 
the Tg of the epoxy resin, a residual curing step of the matrix might 
occur, which could contribute to the healing of the interphase. There
fore, a thermal treatment corresponding to the healing process was 
performed on the uncoated fibers on which a single epoxy drop was 
deposited in order to estimate the contribution of the epoxy residual 
curing on the interfacial healing. The values of mechanical adhesion 
after the heating treatment (IFSS_H) in these samples were calculated as 
reported in Equation (1). These values were multiplied by a factor k 
(Equation (3)), defined as the ratio between the adhesion values on the 
PCL coated fibers (IFSSPCL) and the adhesion values on the uncoated 
fibers (IFSS). This is to correlate the effect of epoxy resin adhesion 
measured on the uncoated fibers as it would be measured on the PCL 
coated fibers. The normalized terms were then subtracted from the 
adhesion values of the functionalized healed interphase (IFSSPCL_H) and 
divided by IFSSPCL, as reported in Equation (4). The result is the net 
healing efficiency (HENET%) and it indicates the contribution on the self- 
healing efficiency provided by the PCL coating only. 

k =
IFSSPCL

IFSS
(3)  

HENET% =
IFSSPCL H − (IFSSH × k)

IFSSPCL
(4) 

From Equation (2) and Equation (4), it is possible to calculate the 
contribution of the epoxy residual curing (EP%), that is the difference 
between HE% and HENET% values, as reported in Equation (5). 

EP% = HE% − HENET% (5)  

Fig. 3. Representative images of the GF bundles before and after the EPD 
process. (a) sGF, (b) sGF_0.03_30_60, (c) uGF, (d) uGF_0.03_30_60. 

Fig. 4. Representative images of a sample prepared for microdebonding tests. 
In particular, (a) sGF, (b) sGF_0.03_30_60. 
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3. Results and discussion 

3.1. Morphological characterization of PCL coated glass fibers 

Fig. 5 compares the SEM images of the fibers coated by EPD tech
nique and the uncoated ones. Both sized (sGF) and unsized (uGF) fibers 
are considered. 

Regardless of the presence of the PCL coating, increasing both the 
solution concentration and the applied voltage, the deposition of PCL 
nanoparticles on GF increases. A consistent and homogeneous deposi
tion can be observed by setting a potential of 30 V and a solution con
centration of 0.03 wt%. After this preliminary analysis, these two 
parameters were kept constant and the time of deposition was changed 
(30 s, 60 s and 120 s for each bundle’s side). The effect of the deposition 
time on the morphology of the coated fibers (both sGF and uGF) can be 
observed in Fig. 6. 

It can be noticed that the longer the deposition time, the worse the 
homogeneity of the PCL coating. A compact and homogeneous coating 
can be obtained by selecting a deposition time equal to 60 s for each 
bundles side (total deposition time = 120 s). It can be also observed that 
this value of deposition time prevents the oxidation of the copper elec
trodes which begins after 150 s of deposition (at ΔV = 30 V). This 
oxidation also leads to a change of the solution color that passes from 
matt white to green, because of the release of copper ions. This phe
nomenon is more evident by increasing the deposition duration. 

The amount of PCL deposition as a function of the deposition time 
was evaluated by a TGA analysis. In Fig. 7(a-b) representative TGA 
thermograms for both sized and unsized GFs are reported. 

In Table 4, the values of residual mass at 700 ◦C for each sample are 
reported. 

A slight mass loss is measured for all the PCL coated fibers, which 
corresponds to the loss of the PCL coating, the silane coating (for the 
sized fibers) and other superficial impurities. sGF_0.03_30_60 and 
uGF_0.03_30_60 show the highest mass loss at the end of the thermal 
treatment (6.6 % and 7.9 % respectively), highlighting the fact that after 
60 s of deposition time (for each side of the bundles) an optimum of 

deposition was reached. For longer EPD treatments (sGF_0.03_30_120 
and uGF_0.03_30_120 sample) and a lower mass loss was obtained. This 
could be due to the fact that the longer the deposition time, the more 
nanoparticles are deposited on the fibers, hence forming a multilayer 
coating. The last layers may not be as well adherent to the fibers’ surface 
as the first ones, causing their detachment. 

Therefore, based on the FESEM images and TGA analysis, a deposi
tion time of 60 s (for both sides), a solution concentration of 0.03 wt% 
and an applied voltage of 30 V were selected as the best parameters to 
coat the glass fibers and to evaluate the interfacial self-healing capability 
of EP/GF composites through microdebonding tests. 

3.2. Evaluation of the self-healing capability of the PCL interphase 

In Fig. 8(a-b), the representative load–displacement curves obtained 
from microdebonding tests on the uncoated and PCL coated glass fibers 
are reported and compared with the curves relative to the healed and 
control samples (denoted by terms “H” and “control” in the sample code, 
respectively). 

Looking at Fig. 8a, the epoxy drop on uncoated sGF specimen 
debonds at an appreciable load of 0.50 N, then slides on the fiber with a 
frictional resistance of 0.15 N. This frictional plateau is important since 
confirms the debonding of the epoxy drop. After the thermal mending 
procedure, the same epoxy drop debonds at a force of approximately 
0.20 N, which is lower than the debonding force for the virgin test. 
Partial recovery of the virgin debonding force is attributed to thermal 
mending of epoxy with the fiber on account of additional cross-linking 
via residual functionality within the epoxy matrix. In the case of 
sGF_0.03_30_60, the epoxy drop debonds at load even higher than un
coated sGF sample (approx. 0.58 N) which indicates a higher adhesional 
interfacial bonding between epoxy and the fiber. This is another positive 
aspect verified by the coating of PCL nanoparticles on the fibers. After 
healing, the load recovered is 0.32 N, which is higher compared to 
healed uncoated sGF fibers. The higher load recovery is clearly a veri
fication of the healing capability at interfacial level by the PCL healing 
agent. 

Fig. 5. SEM images of uncoated fibers and PCL coated fibers. The PCL solution concentration and the applied voltage were varied (5–30 V), while the deposition time 
was fixed (60 s for each side of the bundle). 
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Even after the confirmation of this damage recovery, it was worth
while to confirm any healing mechanism that might be acting other than 
the thermal mending procedure employed. Hence the control tests of 
virgin specimens were also performed by post-debonding run at room 
temperature after a 60-minute waiting time. From Fig. 8b, it can be 
observed that the control samples only exhibit the frictional force after 

60 min from initial testing. Particularly, the control specimens of sGF- 
type of fibers show an initial peak of load corresponding to the static 
friction to move the microdrop. The same is true for fibers coated with 
PCL nanoparticles i.e., sGF_0.03_30_60. Hence the absence of any load 
higher than the frictional plateau confirms the absence of healing other 
than thermal mending performed on the samples. 

On the other hand (Fig. 8c), in the case of samples involving uGF, a 
similar behavior of debonding/healing is found. The only difference is 
with the debonding force of virgin specimens involving PCL coating, 
which is similar to the uncoated uGF samples. Overall, also for uGF-type 
of fibers, the healing capability of PCL as an interphase between epoxy 
and GF is confirmed by microdebonding tests. The verification of the 
healing mechanism was also carried out by the post-debonding waiting 
time of 60 min. It can be seen from Fig. 8d that the control samples of 
uGF-type fibers only show a frictional plateau with loads corresponding 

Fig. 6. SEM images of PCL coated fibers. The solution concentration (0.03 wt%) and the applied voltage (30 V) are fixed, while the time of deposition varies from 30 
to 120 s for each side of the bundles. 

Fig. 7. TGA thermograms of neat PCL, uncoated and PCL coated fibers as a function of the deposition time, (a) sGF fibers, (b) uGF fibers.  

Table 4 
Values of residual mass at 700 ◦C(m700) from TGA tests on the prepared fibers.  

Samples m700 (%) Samples m700 (%) 

sGF  99.1 uGF  99.5 
sGF_0.03_30_30  98.4 uGF_0.03_30_30  99.1 
sGF_0.03_30_60  93.5 uGF_0.03_30_60  92.1 
sGF_0.03_30_120  97.4 uGF_0.03_30_120  97.0  
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to the frictional plateau of the original virgin specimens. More impor
tantly, there is no peak load related to the static friction of the microdrop 
on the fiber. It may be concluded that the presence of the silane coating 
implies greater compatibility with the matrix thus requiring a force to 
overcome the static friction at the interphase. 

Carefully analyzing the frictional plateau of the control samples and 

healed samples, it is also observed that for control samples the resulting 
frictional loads are higher compared to the healed samples. This 
behavior can be explained by the different morphology of the coating 
before and after the thermal treatment. An example of FESEM images of 
the resulting morphology of the PCL coating is reported in Fig. 9. As 
expected, PCL melted during healing, therefore, passing from a rougher 
morphology to a film-like one, implying a lower frictional force during 
debonding. 

A comparison of the obtained IFSS values is reported in Fig. 10a. 
These values were used for the calculation of the healing efficiency, 
according to the expressions reported in Equations (2)-(5) (see Fig. 10b). 

Fig. 8. Comparison of load-displacement curves from microdebonding tests on 
the uncoated fibers, PCL coated fibers and the corresponding healed and control 
samples for (a, b) sGF and (c, d) uGF. 

Fig. 9. FESEM morphology of PCL coating on fibers, a) before healing and b) after healing.  

Fig. 10. Results of microdebonding tests on uncoated fibers, PCL coated fibers 
and the corresponding healed and control samples. (a) IFSS values, (b) healing 
efficiency values (see Equations (2)-(5)). 
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For each sample, the mean and the standard deviation values are re
ported and calculated from ten tested specimens. 

From Fig. 10a, it is possible to see that the interfacial adhesion value 
of sGF is higher than uGF, due to the presence of the sizing agent. The 
IFSS values of the corresponding PCL coated samples (sGF_0.03_30_60 
and uGF_0.03_30_60, respectively) demonstrate that the presence of the 
PCL interphase provides a positive effect in terms of interfacial shear 
strength in the case of sGF (+26 %), while no significant modifications 
can be noticed for uGF. This indicates that the PCL interphase has a 
positive interaction with the surface sizing applied on GFs. As it could be 
expected, the IFSS values of sGF_H and uGF_H are rather low, indicating 
a limited interfacial strength recovery without the PCL interphase. Once 
PCL nanoparticles are deposited on the surface of GF (with or without 
the sizing agent), a substantial recovery of the IFSS can be observed. The 
calculation of the healing efficiency (see Fig. 10b) demonstrates that the 
PCL interphase provides an IFSS recovery of 50 % upon thermal healing 
for sGF, and 51 % for uGF. In this case, the presence of the sizing agent 
does not seem to substantially influence the overall healing capability of 
these systems. 

On the other hand, also the contribution played by the residual 
curing of the epoxy resin during the healing process should be consid
ered. sGF_H and uGF_H samples showed respectively 24.7 % and 16.5 % 
recovery of the adhesion properties than neat fibers, indicating that also 
the residual curing of the matrix contributed to the interfacial healing 
process (Fig. 10a). This contribution is stronger in the case of sGF_H than 
uGF_H, probably because the sizing agent can physically (or chemically) 
interact with the epoxy resin. However, further studies should be per
formed in the future to have a better explanation of this result. The 
evaluation of the net healing efficiency (HENET%) allows estimating the 
effective contribution given by the PCL interphase. HENET% values are 
respectively 52 % and 68 % of the overall healing efficiency for sGF and 
uGF coated fibers, demonstrating thus the potential of the PCL coating as 
healable interphase in epoxy/glass fibers composites. 

Further efforts are required to enhance the interfacial healing effi
ciency of PCL coated glass/epoxy composites, by adding suitable com
patibilizers to the PCL nanoparticles dispersed in solution to improve the 
chemical interactions between the healing agent and the epoxy matrix, 
therefore strengthening the potential of PCL as a healable interphase. 
Also, the repeatability of the interfacial healing process could be eval
uated, by performing microdebonding tests on the samples after multi
ple thermal treatments. 

4. Conclusions 

For the first time, PCL nanoparticles were used as a self-healing 
interphase between an epoxy matrix and glass fibers. The nano
particles were prepared by a solvent displacement technique, and they 
were dispersed in water at different concentrations. PCL nanoparticle 
deposition on the glass fibers surface was performed by EPD (both sized 
and unsized fibers were considered). The morphological analysis 
showed that the quality of deposition was strongly affected by the pro
cess parameters (i.e., deposition time, applied voltage, PCL solution 
concentration). A homogeneous PCL coating on glass fibers was ob
tained by a deposition performed at 30 V for 60 s on each side of the 
fibers, by using a PCL solution concentration of 0.03 wt% PCL. Micro
debonding tests were performed by using both uncoated and coated fi
bers and a cured epoxy droplet, and the tested specimens were then 
thermally treated at 80 ◦C for 1 h to evaluate the healing efficiency of the 
PCL coating, through the evaluation of the IFSS values. It was observed 
that, regardless of the presence of the sizing agent on GF surface, an 
overall IFSS recovery of about 50 % was obtained upon the healing 
process, indicating that PCL nanoparticles coating on GFs could be an 
interesting option for the interfacial thermal mending of epoxy/glass 
composites. Also, the residual curing of the epoxy matrix during the 
healing process contributes to the recovery of the interfacial strength in 
these microcomposites. 
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