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Abstract

The development of sustainable coatings that combine reprocessability with active func-
tionalities remains a central challenge for the composites sector. In this work, a healable,
electrically conductive coating was formulated using epoxidized castor oil (ECO) as a bio-
based matrix, dibutyl phosphate (DBP) as a transesterification catalyst, and short recycled
carbon fibres (RCFs, 2 mm in length) as a conductive filler at loadings of 10 and 20 phr.
Formulations were UV-cured via cationic photopolymerization and characterized across
the full liquid-to-solid processing chain. FT-IR and photo-DSC showed that increasing
RCF content progressively reduced curing rate and conversion, an effect attributed to light
scattering/absorption by the fibres and restricted chain mobility, although gel content
remained above 98% in all cases. DMTA showed that RCF did significantly affect the glass
transition temperature but markedly increased the rubbery storage modulus and apparent
crosslink density, consistent with a physical reinforcement mechanism. Stress relaxation
tests confirmed the dynamic bond exchange behaviour in all formulations, with the ap-
parent activation energy decreasing from 112 kJ /mol for the neat resin to 33-34 kJ /mol
upon RCF incorporation. This significant reduction suggests that the presence of RCF
facilitates the bond-exchange process, potentially through interfacial interactions between
the polymer network and the fibre surface. However, the specific molecular mechanism
responsible for this effect cannot be established from the present data. Electrical conductiv-
ity peaked at 10 phr RCF (3.6 x 1073 S/m), enabling measurable Joule heating, while the
20 phr formulation showed reduced conductivity linked to voids and lower conversion.
Thermally triggered healing at 120 °C for 6 h restored mechanical integrity, which is higher
than reference values, demonstrating the coating’s capacity for repeated repair through its
dynamic covalent network.

Keywords: biobased; photocurable; vitrimer; coatings; healing; CANs

1. Introduction

The shift toward a circular, sustainable economy is no longer optional for materials
science; it is a structural requirement [1-7]. Thermosetting resins based on bisphenol A
(BPA) have long dominated the composites and coatings sector due to their mechanical
performance, thermal stability, and chemical resistance [8]. Yet the permanence of their
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covalent crosslinks, the very feature that makes them so robust, also makes them impos-
sible to melt, reshape, or recycle, and this has become one of the sector’s most pressing
environmental liabilities [9]. At the same time, the field is being pushed toward polymers
that do more than provide structural support: smart materials capable of sensing, actuating,
or conducting heat and electricity are increasingly in demand across applications [10-15].

Turning an inherently insulating matrix into an electrically active one is central to uses
such as electromagnetic shielding and electro-thermal actuation [16,17]. Ionic conduction
is sufficient for some applications, polymer electrolytes for batteries, for instance, but
efficient resistive Joule heating requires a genuine electronic percolation network, which
in practice means dispersing conductive fillers throughout the matrix [18,19]. Carbon
fibres are particularly attractive fillers given their combination of electrical conductivity
and mechanical reinforcement [20]. Their use also intersects with a separate, unresolved
problem: the composites industry generates enormous volumes of prepreg scrap, where up
to 75% of material can be discarded before end use, alongside components reaching end of
life. Mechanically recycling this waste into short, recycled carbon fibres (RCFs) offers a far
less energy-intensive route than pyrolysis or solvolysis, while simultaneously supplying
the conductive filler the matrix needs [21].

The present work builds directly on this premise, drawing on recent findings [22,23],
which showed that mechanically recycled carbon fibres, sieved to an optimal length of
2.0 mm and dispersed in a bio-based epoxy matrix, can reach electrical conductivities as
high as 11 S/m due to their high aspect ratio, while also enabling substantial Joule heating
at low applied voltages.

On the matrix side, green chemistry has increasingly focused on vegetable oils as
renewable alternatives to petrochemical monomers [24-27]. Among these, castor oil is
particularly attractive because of the naturally occurring hydroxyl groups and carbon-
carbon double bonds present in its ricinoleic acid backbone [28,29]. Epoxidation of castor
oil produces epoxidized castor oil (ECO), a highly reactive bio-based precursor suitable
for polymer synthesis. In this work, ECO is crosslinked through UV-induced cationic
photopolymerization [28]. Unlike conventional thermal curing, which requires energy-
intensive heating, UV curing is rapid, solvent-free, and can be carried out at room tem-
perature. The process is initiated by a sulfonium salt photoinitiator, which promotes an
epoxide ring-opening reaction [28,30]. However, a conventionally cured ECO network
would remain infusible and non-reprocessable, sharing the same limitations as BPA-based
thermosets [24,26,27]. To overcome this issue, the material was designed as a vitrimer, a
covalently adaptable network (CAN) capable of rearranging its macromolecular topology
at elevated temperatures while maintaining a constant crosslink density [28,29,31-33]. This
dynamic behaviour is enabled by associative transesterification reactions, which are facili-
tated by the ester groups naturally present in the triglyceride backbone and the hydroxyl
groups both present in the monomer structure as well as generated during epoxide ring-
opening [1,8,34]. Since transesterification has a relatively high activation energy, dibutyl
phosphate (DP) was incorporated as an organic catalyst to reduce the activation barrier,
allowing the network to undergo viscoelastic flow with practical stress-relaxation times
at temperatures above approximately 70 °C. Combining this dynamic matrix (ECO + DP)
with a percolating RCF network gives rise to a distinctive property: the possibility of
on-demand (remotely and at selected locations), electrically triggered healing. Applying
a potential difference drives a current through the carbon fibres, generating volumetric
heat by the Joule effect [21]. Once the local temperature exceeds the CAN topological
transition, DP catalysis activates, the resin softens and flows into cracks or scratches, and
new covalent bonds re-form to heal the damage. Crucially, this process not only restores
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mechanical integrity but also reconnects severed carbon fibres, recovering the original
electrical conductivity of the system [21].

Therefore, this work sets out to develop, formulate, and fully characterize a reparable
dynamic coating based on ECO, DP, and RCFE. A series of liquid formulations was pre-
pared, keeping photoinitiator and catalyst content fixed while systematically varying the
concentration of RCE. Photo-DSC (p-DSC) and FT-IR analysis were used to evaluate the
curing process. Cured samples were then characterized by dynamic mechanical thermal
analysis (DMTA) to determine storage modulus and glass transition temperature, while
stress relaxation tests on a rheometer served as proof of dynamic behaviour and catalytic
efficiency. Thermo-electrical characterization was performed to assess if the generated
conductive percolation network was able to induce Joule heating to be exploited for the
dynamic covalent bond activation. Finally, micro-tensile testing was used to quantify the
efficiency of thermally triggered healing.

2. Materials and Methods
2.1. Materials

Epoxidized castor oil (ECO) was achieved by epoxidizing castor oil. The chemical
structure of ECO and the epoxidation reaction are reported in Figure 1a. The castor oil was

epoxidized following a procedure described in the literature [35,36]. Castor oil (CO) was
purchased from Mundo dos Oleos (Brasilia, Brazil).
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Figure 1. Castor oil epoxidation scheme: (a), Triarylsulfonium hexafluoroantimonate salts (b), dibutyl
phosphate (c), Isopropylthioxanthone (d) and recycled carbon fibres micrographs (e).

The cationic photoinitiator, Triarylsulfonium hexafluoroantimonate salts (Figure 1b),
dibutyl phosphate (Figure 1c), and Isopropylthioxanthone (ITX, Figure 1d) were purchased
from Sigma-Aldrich. All substances were used as received.
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Recycled carbon fibres (RCFs) were recovered from dismissed expired prepreg scrap
from the aerospace industry by mechanical milling, performing 10 milling cycles at
3000 rpm with a sieve size of 2 mm using a Pulverisette 19 equipment from Fritsch [21].
SEM images of fillers are visible in Figure le.

2.2. Formulations Preparation

As visible from Table 1, a total of 3 formulations were prepared, including the pristine
formulation with no filler addition and formulations with 10 and 20 phr (per hundred resin)
of RCE.

Table 1. Components for each formulation.

Formulation RCF (phr) RCF (%wt)  PI (phr) ITX (phr) DBP (phr)
Pristine - -

10 phr RCF 10 9.09 2 2 15

20 phr RCF 20 16.67

In each formulation, 2 phr of cationic photoinitiator, Triarylsulfonium hexafluoroanti-
monate salts, 2 phr of photosensitizer, Isopropylthioxanthone (ITX), and 15 phr of transester-
ification catalyst, dibutyl phosphate, were added to epoxidized castor oil (ECO). Afterward,
a THINKYMIXER ARE-250 planetary mixer was used to homogeneously distribute fillers
in the monomer and degas the formulations, according to the following programme: 1 min
mixing and then 1 min degassing at 1600 rpm, 1 min mixing and then 1 min degassing at
1800 rpm, and finally 2 min mixing at 2000 rpm.

2.3. Characterization of Liquid Formulations
2.3.1. Curing Characterization

Fourier Transform Infrared Spectroscopy (FI-IR) was employed to monitor the
crosslinking process using a Thermo Scientific Nicolet iS50 spectrometer (Thermo Fisher
Scientific, Norwalk, CT, USA). Liquid formulations were applied onto a SiC substrate,
forming a 12 um thick layer. The films were then irradiated with a DYMAX ECE 5000 Flood
lamp under curing conditions corresponding to an irradiance of 177 mW /cm?, achieved
by positioning the samples at 14 cm from the lamp source. Spectra were collected at a
resolution of 4 cm~!, and data analysis was performed using OMNIC 9.2 software (Thermo
Fisher Scientific). The photocuring process was followed by observing the reduction in the
oxirane ring absorption band at 825-840 cm~!, while the peak at 1727 cm ™!, attributed to
the carboxylic group and considered stable during the reaction, was used as an internal
reference. Monomer conversion as a function of exposure time was calculated according to

(1),,- ()
Conversion (%) = ~— ;O /7t.100 (1)
( Aref ) £=0
where Ag,, is the area of the functional group, in this case, the acrylate group at 810 cm ™!,
while A, is the area of the reference group at 1727 cm ™! [37-39]. The spectra were collected
after different exposure times.
Photodifferential scanning calorimetry (photo-DSC) was also performed on the same

Equation (1):

formulations to confirm the results obtained with FT-IR. The analysis was performed with
the Metler TOLEDO DSC-1 instrument equipped with Gas Controller GC100. This test
has been used to evaluate the rate and the heat released during the crosslinking process.
For each test, 5-15 mg of liquid resin was placed in an aluminum crucible with a volume
of 40 pL, while an empty crucible was used as a reference. The analysis was conducted
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at a constant temperature (100 °C) in a Nj-controlled atmosphere (40 mL/min) and a
Hamamatsu LC8 mercury lamp (Hamamatsu Photonics) at 100% intensity was used for the
irradiation of the samples. The samples were subjected to a two-step cycle, each of which
was characterized by 2 min with the lamp switched off followed by 5 min of irradiation.
The second run was done to create the baseline and to complete the curing process. During
data analysis, the second curve was subtracted from the first one to obtain a single curve
related to the photopolymerization process of the sample.

It is possible to evaluate the polymerization rate using Equation (2) if the heat released
by the samples during the analyses originates solely from the photo-crosslinking process.

1 dH
RP - AH;o; ’ (dt)T (2)

Here, R, is the polymerization rate [s 1], AHy, is the enthalpy released by complete

crosslinking of the sample []J/g], calculated using Equation (3), and dH /dt is the heat flow
measured under isothermal conditions (25 °C) [J/g-s].

1
AHiot =1+ f - Hep - 5o (©)

Here, n is the number of epoxy rings per mole of monomer, f is the fraction of epoxy
rings that react to form the polymer network rather than participating in other reactions
(in this work, f = 1), Hy is the theoretical enthalpy for the opening of one mole of epoxy
rings [J] (= —74,000 J/mol [28]), and PM is the molecular weight of the monomer [g/mol]
(calculated as approximately 975 g/mol for ECO).

By integrating Equation (2), it is possible to obtain an estimate of the conversion
percentage (C), according to Equation (4).

1 t/(dH
€= AHgot ./0 (lit)T @

For both these analyses, the measurements were performed three times for each sample.

2.3.2. Rheology

Rheological characterization was performed to evaluate the viscosity behaviour of the
prepared formulations as a function of fibre content and to assess the quality of fibre disper-
sion within the two investigated resin matrices. The measurements were carried out using
an Anton Paar MCR 302e™ rotational rheometer equipped with a parallel-plate geometry.

Two parallel plates with a diameter of 25 mm were employed, maintaining a 0.5 mm
gap between them, at ambient temperature.

For each measurement, enough of the uncured resin formulation was placed between
the plates to completely fill the testing gap. The viscosity was then recorded over a

shear rate range from 0.01 to 100 s~!. The rheological behaviour of each formulation
was subsequently represented by plotting viscosity (Pa-s) as a function of shear rate (s,

allowing the influence of fibre loading on the flow properties of the systems to be evaluated.

2.4. Characterization of the Cured Samples
2.4.1. Gel Content

The gel content (%gel) was determined by evaluating the mass of the insoluble frac-
tion remaining after solvent extraction. Cured specimens (approximately 200 mg) were
immersed in chloroform for 24 h at room temperature to remove any soluble species, includ-
ing unreacted monomers, oligomers, and non-crosslinked polymer fractions. Following
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extraction, the samples were first dried under ambient conditions for 24 h and then further
dried at 60 °C for 6 h to ensure complete evaporation of residual solvent before weighing.

The gel content was calculated as the ratio between the final dry mass after extraction
(W1) and the initial mass before extraction (W), according to Equation (5):

Y%gel = % x 100 (5)
where Wy is the initial mass of the cured specimen and W; is the mass of the insoluble
residue after solvent extraction and drying. The gel fraction provides an indirect measure of
the crosslinking extent and network integrity, with higher values indicating the formation of
a more interconnected and solvent-resistant structure. All measurements were performed
in triplicate for each formulation, and the reported values correspond to the average of the
three determinations.

2.4.2. Thermo-Mechanical Characterizations

Viscoelastic properties were investigated using a Triton Technology instrument model
Tritec 2000 in tension mode. The measurements were done using uniaxial stress with a
frequency of 1 Hz. The starting temperature of —60 °C was achieved using liquid nitrogen.
Then the sample was heated at a rate of 3 °C/min until a rubbery plateau was reached. This
kind of analysis was used to determine the glass transition temperature, which corresponds
to the peak of the TanDelta vs. temperature curve. DMTA was also used to calculate the
crosslinking density (v.) through Equation (6):

E/
V€= 3RT

(6)

Here, v, is the number of crosslinks per volume of the crosslinked network; E’ is the
storage modulus in the rubbery plateau registered at temperature T = Tg + 50 °C, expressed
in Kelvin and R is the gas constant. The samples used in this analysis were prepared by
casting the formulations in a mold (average dimensions of 0.5 x 3.5 x 13 mm), and then
they were cured using the DYMAX ECE Flood lamp (Dymax Europe GmbH) with a light
intensity of 150 mW /cm? for 120 s per side.

24.3. TGA

Thermogravimetric analysis (TGA) was performed on pristine and 20 phr RCF
crosslinked DGEVA using a Mettler-Toledo TGA /DSC 3+ STARe System. Samples with
a mass of approximately 10.0 mg were placed in open x-alumina crucibles (200 puL) and
heated from 25 °C to 900 °C at a rate of 10 °C/min under a continuous flow of dry air
(40.0 mL/min).

2.4.4. Investigation of Dynamic Polymer Network Properties

Stress-relaxation tests were performed on the UV-cured samples using an Anton Paar
MCR 302e rheometer. Discs with an average diameter of 25 mm and a thickness of about
1 mm were used. Each specimen was preloaded under a normal force of 1 N for 15 min at
the selected temperature to ensure proper contact and thermal equilibration. A constant
strain of 3% was then applied, and the decay of the relaxation modulus over time was
recorded. Measurements were carried out at 150, 160, 170, and 180 °C.

The relaxation modulus, G(t), was normalized with respect to its initial value, G(t).
The characteristic relaxation time of the dynamic polymer network was defined as the time
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required for the normalized modulus to drop to 1/e (=37%) of its initial value, assuming
an exponential decay behaviour, as described by Equation (7) [40]:

Al

G(t) = Gye~ @)

where 7 is the relaxation time [s]. The activation energy was determined by extrapolating
the Arrhenius plot, as per Equation (8):
1
In(7) = In(1o) + Eu% ®)
where E, is the activation energy [J/mol], R is the universal gas constant [J/mol*K], T is
the temperature [K], and 7y is a pre-exponential factor. By plotting In(t) vs. 1000/T, it is
possible to calculate E, using Equation (9), considering the slope of the curve (a).

E, = a x 1000 x R )

2.4.5. Thermo-Electrical Properties

Conductivity and Joule effect analysis were performed on samples similar to those for
DMTA, as discussed in Section 2.4.2, for each formulation.

The electrical conductivity tests were carried out using a Keithley 2410 source-metre.
Silver conductive paint was used on two opposite faces of the specimen to minimize contact
resistance. Here, the electrical resistance (R) was calculated from the voltage intensity (V-I)
slope, considering Ohm’s law, by sweeping the voltage from 0 to 3 V. Then, the electrical
conductivity (o) was calculated from Equation (10), where L is the distance between the
electrodes, and A is the cross-sectional area.

o L
T AxR

(10)

The Joule heating characterization was carried out using a FLIR T530 thermal camera
while applying voltage ranging from 0 V up to a maximum value selected depending on
the resistivity of the material using the same source-metre equipment and specimens as in
the electrical characterization tests. A picture of the setup is reported in Figure 2. Here, the
maximum and average temperatures, Tmax and Tay, respectively, were recorded once the
temperature was stable over time for each applied voltage.

Thermal camera

/ Electric contact (+) ~)
L]

»

Electric contact (-)

Figure 2. Setup for electrical conductivity and Joule heating measurements.
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2.4.6. Micro-Tensile Measurement

Healing efficiency of ECO samples was assessed via mechanical characterization using
a Hitachi micro-tensile testing instrument equipped with a 50 N load cell, operating at a
crosshead displacement speed of 1 mm/min. The same specimen geometry employed for
DMTA was used for these tests.

The samples were partially overlapped under a constant applied pressure of
1.29 x 10~* MPa to ensure proper interfacial contact and then subjected to two differ-
ent thermal healing treatments in an oven: the first was performed at 70 °C for 30 min,
and the second was performed at 120 °C for 6 h. After the healing treatments, tensile
measurements were carried out using the same micro-tensile setup mentioned above to
evaluate the recovered mechanical strength. The results were finally compared with those
obtained from a set of untreated reference specimens.

A scheme of the setup is visible in Figure 3.

//
/@ie o],
|I'I‘ © © ®
l "4 © ©
> f / — 5 SAMPLE
. 7 1
0|© ©
1 @
\ R
ool &= o

Figure 3. Micro-tensile setup.

24.7. SEM

SEM analyses were conducted to investigate the dispersion of fillers inside the poly-
meric matrix and adhesion of the formulations with the substrates. More precisely, photos
were taken with the Jeol JCM-6000 PLUS for each sample. The analyzed surface was
covered with a 10 nm thick platinum layer.

2.4.8. Contact Angle

The contact angles of all cured materials were measured using a Kriiss DSA10 ten-
siometer (Kriiss Scientific, Hamburg, Germany) equipped with a digital camera. A droplet
of distilled water was placed on the surface of each sample, and ten optical scans were
carried out to determine the contact angle between the droplet and the substrate. The
measurements were performed in triplicate, following the same experimental procedure.

3. Results and Discussion
3.1. UV Curing Characterizations

The curing process was evaluated by means of FTIR analysis, following the epoxy
group conversion upon UV irradiation.
Figure 4a shows a representative FTIR spectrum of the pristine ECO formulation.

https://doi.org/10.3390/polym18172058
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Figure 4. FTIR spectrum of the pristine ECO formulation at different irradiation times (a) and
conversion curves of all the studied formulations as a function of exposure time (b).

The evolution of the epoxy conversion during irradiation was monitored by following
the absorption band in the 825-840 cm ! region, corresponding to the oxirane ring. The
absorption band at 1727 cm™~!, assigned to the ester carbonyl group, was used as the
internal reference (Equation (1)).

Figure 4b reports the conversion curves as a function of UV irradiation time both for
pristine and filled formulations. The good reactivity of the pristine biobased epoxy system
is evident, reaching almost 80% conversion within 400 s of irradiation. The presence of the
RCEF slightly affects the conversion curves with a reduction in final epoxy group conversion.
This could be attributed to the competitive UV-absorption effect among the photoinitiator
and the RCF. Moreover, it could be expected that the filler exerts a physical constraining
effect on the developing polymer network, limiting the mobility of the reactive species and
consequently reducing the curing efficiency of the matrix.

The curing process was investigated by p-DSC to evaluate the photocuring behaviour
and determine the main thermodynamic parameters of the reaction.

As shown in Figure 5, p-DSC results reveal a progressive decrease in both the measured
reaction enthalpy and rate of polymerization R, with increasing RCF content. Specifically,
the enthalpy decreases from 175] g~ for the pristine formulation to 155] g ! and 115 ] g !
for the composites containing 10 phr and 20 phr of RCF, respectively.

This behaviour is consistent with the results obtained from the previous FTIR analyses.

The conversion values obtained from p-DSC and FTIR are in good agreement in terms
of their overall trend. In both cases, the degree of conversion decreases as the filler content
increases, owing to the same mechanisms discussed above. The slight differences observed
in the absolute conversion values can be attributed to the different experimental setups and
measurement principles of the two characterization techniques.

Gel content analysis yielded values higher than 98% for all formulations, confirming
the formation of a fully interconnected and insoluble network regardless of filler loading.

Table 2 reports conversion values obtained through FTIR and p-DSC, maximum Ry,
and gel content values.

https://doi.org/10.3390/polym18172058
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Figure 5. Heat flow (a) and rate of polymerization (b) for all the studied formulations.

Table 2. FTIR and p-DSC conversions, maximum R}, and gel content values.

Formulation Conversion Conversion Maximum of Gel Content
FTIR (%) psc (%) Rp (s71) (%)
Pristine 82+3 77 £ 1 0.025 £+ 0.001 999 + 0.1
10 phr RCF 77 £ 1 74+ 1 0.023 £ 0.001 99.8 +£ 0.1
20 phr RCF 74 +£2 61 +£3 0.020 £ 0.03 98.2 + 0.1

We can conclude that ECO-based formulations showed good reactivity towards the
cationic UV-curing process and the addition of the RCF filler did not significantly affect the
crosslinking reaction, achieving a well-insoluble crosslinked network.

3.2. Rheology

Rheological measurements were carried out to assess the variation in viscosity as a
function of the RCF content, as illustrated in Figure 6. The pristine matrix exhibits a typical
Newtonian behaviour across the entire shear rate range, stabilizing at approximately 18 Pa-s.
Upon the addition of 10 phr RCF, the system displays a weak shear-thinning behaviour
at low shear rates, dropping from an initial value of 85 Pa-s. Notably, at high shear rates,
the viscosity of the 10 phr RCF formulation falls near the values of the pristine resin. This
phenomenon is ascribed to the strict alignment of the high-aspect-ratio carbon fibres along
the flow direction induced by the intense forces, which significantly minimizes the drag
and induces interfacial slip, introducing a lubrication effect from the fibres. Additionally,
the 20 phr RCF system presents a severe and continuous pseudoplastic behaviour, despite
a sharp drop in viscosity due to the progressive breakdown of the robust percolated filler
network under dynamic shear; its viscosity remains higher than the pristine matrix across
the investigated range due to the high filler volume fraction.

https://doi.org/10.3390/polym18172058
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Figure 6. Viscosity as a function of shear rate of the studied formulations.

3.3. Contact Angle

Figure 7 reports the water contact angle (WCA) values measured for the different
composite formulations. For both resin systems, a consistent trend was observed: the
WCA increased progressively with increasing RCF content, rising from approximately 65°
for the pristine matrix to roughly 70° and 85° for the 10 phr and 20 phr RCF composites,
respectively. This behaviour is driven by a synergetic effect of surface chemistry and
topography. Intrinsic carbon fibres exhibit higher hydrophobicity. Consequently, as the filler
fraction increases, a larger chemical area of the composite surface is occupied by these low-
energy carbon domains. Crucially, the incorporation of RCF increases the micro-roughness
and structural heterogeneity of the composite surface. According to the Cassie-Baxter and
Wenzel wetting models [41-43], this enhanced surface roughness induces pinning of the
water triple-line and can trap micro-air pockets beneath the droplet, effectively altering the
macroscopic wetting state and leading to a significant reduction in overall surface energy
and a concurrent increase in the static contact angle. This increase could be beneficial for
several applications, such as anti-icing purposes in cold and humid environments.

120 3
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80 ]

Contact Angle (°)
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20 ]

PRISTINE 10phrRCF 20phrRCF

Figure 7. WCA values as a function of RCF content.
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Tan Delta

3.4. Thermo-Mechanical Characteristics

The thermal and viscoelastic properties of the UV-cured ECO formulations were
evaluated by DMTA and DSC analyses. Figure 8a,b report the temperature dependence of
the loss factor (TanDelta) and the DSC thermograms, respectively.
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Figure 8. Temperature dependence of TanDelta (a) and the DSC thermograms (b) of the studied
formulations.

The incorporation of RCF did not produce a significant variation in Tg. Indeed, DMTA
revealed Tg values between o °C and 2 °C for the UV-cured formulations.

Similarly, the DSC thermograms show Tg values of about —17 and —18 °C.

The ~20 °C discrepancy between DMTA and DSC Tg values is physically consis-
tent, arising from the distinct thermodynamic and kinetic principles of the two analytical
techniques. DSC records the change in specific heat capacity under static heating, detect-
ing the onset of localized cooperative segmental mobility. In contrast, DMTA evaluates
macroscopic viscoelastic dissipation under a periodic mechanical stress. Because the glass
transition is a frequency-dependent kinetic process, higher thermal energy is required for
the polymer chains to respond in-phase with the applied oscillating deformation. Further-
more, the analytical extrapolation criteria fundamentally differ: DSC Tg is conventionally
assigned to the inflection point of the heat flow step, whereas the DMTA Ty reported is
evaluated at the TanDelta peak. This peak indicates the highest ratio of loss to storage
modulus, an event demanding greater free volume that systematically occurs 15-25 °C
above the DSC inflection point. Consequently, absolute values from these techniques are
not directly comparable; the structural analysis must rely on the relative thermal shifts,
which confirm that varying the RCF content does not significantly perturb the crosslinking
dynamics of the ECO matrix.

Furthermore, Figure 9 shows the evolution of the storage modulus (E’) as a function
of temperature. Although the addition of RCF does not significantly affect Tg, it markedly
increases the modulus in the rubbery region (Tg + 50 °C). The E’ value at Tg + 50 °C rises
from 0.06 MPa for the pristine resin to 2.4 MPa and 2.6 MPa for the 10 and 20 phr UV-cured
filled formulations, respectively.
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Figure 9. E’ as a function of temperature for all the formulations.

In addition, Table 3 reports values of Ve,app., Showing a dramatic increase upon the
introduction of RCF.

Table 3. T values registered through DMTA, DSC and v¢app. trends as a function of RCF amount.

Formulation Tg, pmta (°O) Tg, psc (°C) Ve,app. (mol/m?)
Pristine 2+1 —18+1 7+1

10 phr RCF 0+1 —18+£3 298 £ 9

20 phr RCF 2+1 —17 £ 2 320 £12

The values increased from 7 mol m~3 for the neat resin to 298 mol m~—3 and
320 mol m~2 for the 10 and 20 phr composites, respectively.

It is important to emphasize that this substantial increase in v. does not correspond
to an actual change in the chemical crosslinking density of the network. Indeed, DSC and
FTIR analyses (Table 2) confirmed a comparable degree of conversion for all formulations.
Therefore, the increase in the calculated v, should be interpreted as an apparent effect
arising from physical reinforcement. The rigid carbon fibre network contributes to stress
transfer in the rubbery state, while the immobilized polymer chains at the fibre-matrix
interface act as additional physical constraints. These results demonstrate that RCFs provide
significant reinforcement at more elevated temperatures.

Thermogravimetric analysis (TGA) was performed on the cured formulations to eval-
uate their thermal stability. This assessment is particularly important for defining the
temperature limits during the stress relaxation process, ensuring that the material is not
exposed to temperatures that could induce thermal degradation. The pristine formulation
was analyzed and the corresponding TG and DTG curves are reported in Figure 10. The
onset degradation temperature, identified by T(5%), was found to be approximately 220 °C,
while the maximum degradation rate, corresponding to the DTG peak (Tmax), occurred at
323 °C. Based on these results, particular attention was paid during all subsequent mea-
surements to ensure that the operating temperature remained below the onset degradation
temperature T(5%), thus preventing any thermally induced damage to the material.
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Figure 10. TG and DTG curves of pristine sample.

3.5. Covalent Adaptable Network Properties

Stress-relaxation tests were carried out to demonstrate the dynamic behaviour of the
network, consistent with a thermally activated transesterification mechanism, which is
chemically expected from the functional groups present in the network. The experiments
were conducted within the linear viscoelastic region at temperatures ranging from 70 °C
to 100 °C. The dynamic nature of the bonds in ECO is governed by a transesterification
reaction. Figure 11 shows, for all three UV-cured systems (pristine, 10 and 20 phr), the
normalized relaxation modulus (G(t)/Gp) as a function of time. As expected, the relaxation
rate for all systems increases with increasing temperature. The characteristic relaxation time
(7) is defined as the time required for the modulus to decay to 1/e (=37%) of its initial value,
as indicated by the dashed line [44-46]. Moreover, for all formulations, a DBT-catalyst-free
reference system was specifically prepared to highlight the different behaviour shown by
the black curve in Figure 11. In this case, the material is never able to reach a decay below
1/e (=37%) of its initial value within the investigated time window, clearly indicating
that DBT is the key component enabling bond dynamics in the material by catalyzing the
transesterification dynamic covalent reaction.
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Figure 11. G(t)/ G as a function of time for pristine (a), 10 (b) and 20 (c) phr RCF samples.

The Arrhenius plot reported in Figure 12 exhibits a high degree of linear correlation
(R? > 0.97-0.99), confirming the Arrhenius-type temperature dependence of the viscosity
for all tested samples. The bond dynamics are therefore thermally activated, and the
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thermal response is governed by a well-defined energy barrier. The activation energies
(Ea), derived from the slope of each linear fit, were calculated to be 112 kJ mol~! for
the unfilled system, and significantly lower values of 34 k] mol~! and 33 kJ mol~! for
the 10 phr and 20 phr RCF-containing formulations, respectively. These results confirm
that the addition of recycled carbon fibres facilitates the dynamic exchange process. We
suppose that the acceleration of stress relaxation with increasing RCF loading can be
explained by considering different factors. First, the fibres emerge from the recycling
process with surfaces rich in hydroxyl, carbonyl, and carboxyl groups; these sites act as
Brensted- or Lewis-acid centres that catalyze the associative ester-alcohol exchange, directly
lowering the intrinsic activation barrier of the transesterification step. Second, once the
RCF content approaches percolation, the graphitic network improves heat distribution
throughout the sample, so a more uniform temperature is reached during testing, which
registers as a smaller apparent activation energy. Third, fibre interfaces disrupt the epoxy
network, generating a free volume that facilitates bond rearrangement. Fourth, the overall
epoxy conversion after curing is slightly reduced as the filler fraction rises, which leaves
a lower crosslink density and increases chain dynamics and reduces the energy cost of
bond exchange.

95| ™ 20phrRCF
Linear Fit 20 phr RCF
e 10 phr RCF
9.0 Linear Fit 10 phr RCF
A Pristine
8.5 1 Linear Fit Pristine
] R2=0.99
% 8.0 1 R?=0.98 E_=34 kJ/mol
= E, =112 kJ/mol
\_E 7.5 1 A
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Figure 12. Arrhenius plot for all the studied samples.

These characterizations clearly show the dynamic covalent network properties of the
crosslinked ECO-based coatings, which are not simply maintained in the presence of the
carbon fibre filler but are enhanced.

3.6. Thermo-Electrical Measurements

Electrical conductivity was measured on crosslinked coatings using Ohm'’s law. The
slope of the I-V curve was used to determine the resistance, and the resistivity was then
calculated. The conductivity was obtained as the inverse of the resistivity.

The electrical conductivity values as a function of RCF content are presented in
Figure 13, while the corresponding numerical data are summarized in Table 4. The in-
corporation of 10 phr RCF resulted in a significant increase in electrical conductivity
compared with the crosslinked pristine coating. There is an increase in electrical con-
ductivity from 1.00 x 1011 S/m for the pristine UV-cured formulation (theoretical value)
to 3.57 x 1073 S/m for the crosslinked formulation containing 10 phr RCF. However, an
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unexpected decrease in conductivity to a value of 5.07 x 107* S/m was observed for
the crosslinked composite containing 20 phr RCF, with an increase in the scattering of
the results.

1E+00 4
1601
1602 4
16-03
1604 ]
1E-05 3
1E-06
1607 §
16-08

Electrical conductivity (S/m)

1E-09 4
1E-10 4

0 5 10 15 20 25

RCF content (phr)

Figure 13. Electrical conductivity values as a function of RCF content.

Table 4. Average electrical conductivity values at different RCF loads, with standard deviation.

RCF Content (phr) Electrical Conductivity (§/m) Stdev

0 1.00 x 10~ 11 0 (theoretical value)
10 3.57 x 1073 9.89 x 1075

20 5.07 x 1074 4.24 x 10~*

To investigate this behaviour, the morphology of the composite coatings was examined
by FESEM analysis. Cross-sectional FESEM micrographs are shown in Figure 14. The
images reveal that increasing the RCF content from 10 to 20 phr promotes the formation of
agglomerates and voids, leading to a less homogeneous filler distribution. This morphology
hinders the formation of an effective conductive network, thereby slightly reducing the
electrical percolation and, consequently, the electrical conductivity of the composite.

Figure 14. Magnifications of 10 phr RCF (a) and 20 phr RCF (b) cross sections.

Following the electrical conductivity analysis, the Joule heating behaviour was investi-
gated using the experimental setup described in Section 2.4.5. The measured values were
consistent with the electrical conductivity observed at the corresponding RCF contents. For
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the 20 phr crosslinked coating, it was not possible to detect any heating effect due to the
lower electrical conductivity, which led to electrical breakdown before any significant Joule
heating could be established. Consequently, Joule heating data were collected only for the
10 phr sample.

Thet temperature profile as a function of applied voltage is reported in Figure 15 for
the crosslinked coating containing 10 phr RCF.

140 -

—e— 10 phr RCF- Tmax
120 ~

--e--10 phr RCF-Tav

100 -
80 -

60 -

Temperature (°C)

40 A

20
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Figure 15. Temperature as a function of applied voltage.

In addition, it was possible to observe the heating behaviour through a thermal camera.
However, as visible from Figure 16, the temperature distribution was not homogeneous, as
the highest temperature was localized only in a restricted region of the specimen, for all
the applied voltages, from 50 to 100 V. As we will report below, the temperature reached
by the Joule effect could be sufficient to induce healing in damaged samples (see below);
therefore, we could exploit the electrical conductivity achieved by dispersing the RCF to
induce healing with the Joule effect by simply applying voltage to the damaged samples.

100°C

30°C

Figure 16. Thermographs of 10 phr RCF samples at different applied voltages.
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3.7. Healing Evaluation

A non-conventional macroscopic approach was adopted to evaluate the healing be-
haviour of the material. Micro-tensile tests were performed using the experimental setup
described in Section 2.4.7 to assess the mechanical performance of the repaired specimens.

Two healing conditions were investigated. In the first, the overlapped specimens were
treated at 70 °C for 30 min. In the second, the specimens underwent a healing treatment
at 120 °C for 6 h. These temperatures were selected since the feasibility of reaching them
using the Joule-heating effect was demonstrated by applying voltage.

The maximum tensile load sustained by each healed specimen was measured after
thermal healing. The results are reported in Table 5 as the maximum load (N) supported by
specimens with identical geometry and are compared with the tensile performance of the
reference specimens.

Table 5. Maximum tensile loads of 10 and 20 phr RCF of reference specimens under different
healing conditions.

Reference Tensile Load [N]

10 phr RCF 0.51 +0.25

20 phr RCF 0.25 £+ 0.10

Partial a First condition Second condition
overiap 70 °C—30 min 120°C—6h

10 phr RCF 0.40 = 0.26 1.33 +£0.70

20 phr RCF 0.25 £+ 0.04 1.04 £+ 0.40

The sample containing 10 phr RCF, when subjected to the first healing condition (70 °C
for 30 min) for the micro-tensile test, failed in the non-overlapping region at slightly lower
forces compared to the reference samples (see data reported in Table 5). This behaviour is
likely due to a slightly reduced thickness in that section and the partial misalignment in
the overlapped samples, suggesting that the healing process was successful.

When the sample containing 20 phr was subjected to the first healing conditions, a
detachment of the upper part of the specimen was observed after the micro-tensile test. This
is likely an indication that the fibre content and the selected time—temperature combination
were not sufficient to achieve optimal healing.

For the second healing condition (120 °C for 6 h), both 10 phr and 20 phr sample
failures occurred near the joint during tensile testing, but at higher force levels. This could
be explained considering the occurrence of thermal post-curing of the samples, increasing
the conversion and therefore the performance of the materials. Overall, this last healing
condition was largely efficient, permitting the creation of perfectly healed joints.

The lower values of tensile load obtained by increasing the filler load in all the cases
are potentially due to a lack of matrix conversion and the presence of voids in the bulk of
the samples, as already explained.

4. Conclusions

This work demonstrates that combining a bio-based dynamic matrix (ECO/DBP)
with recycled carbon fibres is a viable strategy for producing sustainable, multifunctional,
healable coatings. The main findings can be summarized as follows.

The incorporation of RCF partially hindered UV curing, lowering both the conversion
and photopolymerization rate as filler content increased, most likely due to competitive
UV absorption by the fibres and reduced mobility of reactive species within the percolated
network. Despite this, gel content remained above 98% for all formulations, confirming
that crosslinking efficiency was not compromised.
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Thermo-mechanical analysis showed that RCF addition did not significantly affect the
glass transition temperature of crosslinked coatings but substantially increased the rubbery
storage modulus and the apparent crosslink density, an effect ascribed to physical reinforce-
ment and interfacial chain immobilization rather than additional chemical crosslinking,
and a distinction supported by the unchanged conversion values from FI-IR and DSC.

Stress relaxation experiments confirmed that all crosslinked formulations retain dy-
namic characteristics, with Arrhenius behaviour and well-defined activation energies.
Notably, the presence of RCF lowered the activation energy for bond exchange by roughly
a factor of three compared to the pristine crosslinked formulation, suggesting that residual
functional groups and trace metal species on the recycled fibre surface actively participate in
catalyzing the transesterification network, in addition to effects linked to heat distribution
and reduced crosslink density at a higher filler content.

Thermo-electrical characterization showed that the UV-cured formulation containing
10 phr RCF evidenced an important enhancement of electrical conductivity as well as
temperature enhancement due to the Joule effect.

In fact, the 10 phr RCF crosslinked formulation offered the best compromise between
processability and performance: it reached the highest electrical conductivity among the
composites and was the only formulation in which controlled Joule heating could be reliably
measured, whereas the 20 phr system experienced voids and lower conversion, which
suppressed both conductivity and the heating response.

Finally, thermally activated healing was confirmed for both RCF loadings, with the
most severe condition (120 °C, 6 h) restoring tensile strength and permitting higher values
than that of the undamaged reference specimens, while the milder condition (70 °C, 30 min)
produced only partial recovery, particularly for material containing higher filler content.
Taken together, these results indicate that filler loading must be carefully optimized, since
excessive RCF content, while beneficial for mechanical reinforcement, can compromise cur-
ing efficiency, electrical percolation, and healing performance. Overall, the ECO/DBP/RCF
system developed here represents a promising route toward recyclable, electrically respon-
sive, and repairable coatings derived largely from renewable and reclaimed materials, with
the 10 phr formulation identified as the most balanced candidate for further development.
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