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A B S T R A C T

This work emphasized on development of a novel bio-derived self-healing copolymer fabricated from benzox-
azine and epoxy resins by varying weight ratios. The bio-derived benzoxazine (E-fa) acted as a healing agent was
copolymerized with bio-derived epoxy resin namely epoxidized castor oil (ECO). Three main essential properties
of the developed copolymer were systematically investigated: thermal property, mechanical property, and self-
healing capacity. The numerical simulation was also used to study and predict the ability of roof coatings based
on the developed copolymers. The results showed that the reversible crosslinking reaction occurred and resulted
in state transition of the copolymers. The mechanical property i.e., tensile strength and peel strength to stainless
steel substrate, were substantially improved with the incorporation of ECO. The increase in E-fa contents can
enhance the thermos-responsive healing performance of the copolymers up to 93% via reversible reactions with
rapid surface damage healed within 2 min. Furthermore, the experimental and numerical results revealed that
the thermo-responsive thermoset self-healing bio-derived benzoxazine/epoxy copolymers have a potential use in
coating applications required fast self-healing performance and good mechanical properties.

1. Introduction

Self-healing polymers (SHPs) are smart polymers which can auto-
nomic or externally repair their damage triggered by various stimuli,
such as heat (Imato et al., 2012; Mora et al., 2023), light (Ji et al., 2015;
Leungpuangkaew et al., 2023; Zhao et al., 2024), solvent (Huang et al.,
2005) and stress (Wu et al., 2021). The application fields of SHPs are
diverse smart medical devices, aerospace, 4D Printing, sensor, especially
coatings with intelligence (Liu et al., 2018; Mrlík et al., 2020; Ying et al.,
2020). Self-healing materials are classified into two groups by healing
mechanism: extrinsic and intrinsic self-healing (Rahman& Shefa, 2021).
The introduction of exogenous chemicals initiates extrinsic SHPs, which
then facilitates self-healing from implanted microcapsules upon
breaking (An et al., 2018). Whereas, intrinsic type self-healing can repair
damage by momentarily enhancing the polymeric chains mobility
(Urban, 2014). In recent years, significant researches have extensively
explored the potential for developing materials with the self-healing
ability in order to prolong their overall life-cycle and to heal micron-

sized cracks and damage with the least amount of outside assistance
(Amaral & Pasparakis, 2017; Arslan et al., 2018a; Arslan et al., 2018b;
Fadl et al., 2021). One of the effective strategies for self-healing poly-
mers is from covalent bonds reforming that led to high self-healing ca-
pacity (Amornkitbamrung et al., 2022; Chao et al., 2016; Xu et al.,
2021a; Yang & Urban, 2013).

Polybenzoxazines are commonly recognized as a thermoset polymer
that is constantly being researched, particularly for use in thermosetting
smart materials. The thermal curing of polybenzoxazine generally pro-
vides a highly helpful function group—phenolic moiety—permits
further reaction with other resins or polymers (Ishida & Agag, 2011;
Rimdusit et al., 2013). The intriguing features of smart materials systems
especially self-healing polymers from the incorporation of poly-
benzoxazine have attracted the interest of numerous researchers. In-
vestigations on self-healing polymers utilizing the polybenzoxazine
hybrid system have been published, including polybenzoxazine/poly-
sulfones (Oie et al., 2013), polybenzoxazine/ poly(propylene oxide)
bisamine (Arslan et al., 2015), and polybenzoxazine/epoxy
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(Amornkitbamrung et al., 2022). However, benzoxazine resin is broadly
synthesized from basic chemicals found in petroleum resources for the
previous works. Therefore, with the global environmental issues and
growing energy crisis, exploration on using renewable substances to
create bio-derived benzoxazine resin has become increasingly focused
including intelligent polymeric materials (Hombunma et al., 2019;
Prasomsin et al., 2019).

In term of stimuli for self-healing, heating is gain wider attention
because of its advantages of convenient processing, general activation,
and precise control (Fang et al., 2017; Gao et al., 2019; Xu et al., 2021b;
Yu et al., 2024). Wu et al. (Wu et al., 2021) have developed heat-
responsive self-healing polyurethane-urea synthesized by renewable
feedstocks. The healing efficiency of the polyurethance-urea system was
found to be up to 94 % when they were healed at 120 ◦C for 10 min and
the self-healing mechanism occurred from reversible crosslinking Diel-
s–Alder reactions was reported. In addition, bio-derived vanillin-fur-
furylamine based benzoxazine (V-fa)/epoxidized castor oil copolymers
exhibiting both self-healing and shape memory effects were prepared by
Amornkitbamrung et al. (Amornkitbamrung et al., 2022). They have
detailed that the copolymer could heal their crack by indirect heating
from near-infrared (NIR) light for 20 min via dynamic covalent bonds
incorporated by crosslinker of glutaric anhydride functionalization.
Therefore, fast thermo-responsive self-healing polymer from bio-derived
polymer without functionalization of crosslinker was studied and
developed in this work.

Herein the influence of benzoxazine/epoxy weight ratios on thermal
property, mechanical property and self-healing performance under
heating stimulation displayed by the bio-derived copoly-
mers–synthesized from bio-derived substances; eugenol-furfurylamine
based benzoxazine and epoxy–was investigated. The focus of this work
is to develop a novel fast thermo-responsive thermoset self-healing

copolymers made entirely of bio-derived benzoxazine/epoxy co-
polymers. Numerical simulation technique was also utilized to predict
possibility for using the self-healing copolymers as roof coatings.

2. Materials and preparation

2.1. Materials

There are two resins used in this study i.e., bio-derived benzoxazine
resin—synthesized from eugenol, furfurylamine and paraf-
ormaldehyde—, and bio-derived epoxy resin namely epoxidized castor
oil (ECO) — supported by Aditya Birla Chemicals Thailand Ltd., Rayong,
Thailand. Eugenol (>99.0 %) and furfurylamine (98.0 %) were pur-
chased from Tokyo Chemical Industry Co., Ltd., United States. Para-
formaldehyde (AR grade) was purchased from Sigma-Aldrich Pte. Ltd.,
United States. All chemicals were used as received.

2.2. Benzoxaizne resin preparation

Benzoxazine resin (E-fa) was synthesized from eugenol, furfuryl-
amine, and paraformaldehyde at a molar ratio of 1:1:2 via solventless
synthesis technique (Ishida, 1996) as shown in Scheme 1 (a). The three
reactants were gently stirred at 110 ◦C for 40–45 min to yield a homo-
geneous mixture. Then, the mixture was settled at room temperature
and subsequently obtained the yellow resin.

2.3. Bio-derived benzoxazine/epoxy copolymer preparation

Bio-derived benzoxazine/epoxy copolymer preparation is shown in
Scheme 1 (b) (Hombunma et al., 2019). The E-fa was mixed with ECO to
prepare E-fa/ECO mixtures at various weight ratios (i.e., 90/10, 80/20,

Scheme 1. Preparation of a) bio-derived benzoxazine resin and b) bio-derived benzoxazine/epoxy copolymer.
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70/30, 60/40 and 50/50). The mixture was heated to 110 ◦C and
constantly mixed to achieve a homogenous mixture. After being poured
into an aluminum mold, the molten mixture was step-cured in an air-
circulated oven at 150 ◦C and 160 ◦C for 1 h each followed by curing
at 180 ◦C and 190 ◦C for 2 h each. The specimen was cooled down to
room temperature for further characterizations.

2.4. Sample characterization

Dynamic mechanical properties of specimen were investigated using
a Dynamic mechanical analyzer (DMA) (model DMA242 from
NETZSCH, Inc., Bavaria Germany). The test was run in tension mode.
The specimens measured 30 mm × 5 mm × 0.5 mm. At a frequency of 1
Hz, the strain at 5 μm amplitude was applied in a sinusoidal manner.
Under nitrogen environment, the temperature was scanned from − 100 –
200 ◦C with heating rate of 5 ◦C/min.

Differential scanning calorimetry (DSC) model DSC25 from TA In-
struments Ltd was used to investigate reversible reaction of samples
upon heating and cooling. An aluminum pan with a cover was used to
contain a sample mass of 3–5 mg, which was then heated at a rate of
10 ◦C/min from 30 ◦C to 200 ◦C while nitrogen was purging at a rate of
50 ml/min.

Fourier transform infrared spectra of specimen were carried out from
FTIR spectrophotometer: TENSOR 27 Bruker, Heating ATR diamond.
Number of scans at 64 were used to capture the spectrum, with a spectral
range of 4000–400 cm− 1 and resolution of 4 cm− 1.

Tensile properties were investigated standard using Universal
Testing Machine (Model LR10K) Brand LLOYD according to ASTM
D3039. The dimensions of samples are 100mm× 8mm× 0.5 mmwith a

crosshead speed of 10 mm/min. Five tests were carried out for each
sample.

The 90◦ peel strength was also studied by using Universal Testing
Machine (Model LR10K) Brand LLOYD based on ASTM D6862. At least
five samples with dimension of 8 mmwidth and 0.5 mm thick of peel test
were tested and averaged at peel rate of 50 mm/min. The AISI 304
stainless steel was used as substrate backup board.

Optical micrographs in reflection modes were used to investigate
surface healing behavior of samples using an Axio Scope.A1 with an
AxioCam HRc CCD camera (Carl Zeiss Co., Ltd., Bangkok, Thailand).

The tensile strength and stress occurred under coating application
condition of specimen were investigated by using numerical simulation.
The test incident and specimen stress were numerically performed using
a commercial version of ANSYS AUTODYN. The tensile test was per-
formed on the specimen dimension with a speed test based on the
experimental testing. Whereas, the copolymer-coated roof was con-
structed with four fixed edges under isotropic materials. The geometry
of the stainless-steel roof was generated according to MasterRib Roof
System having 36-inch siding and 96-inch long as shown in Fig. 1. Input
coating test conditions were based on tropical storm with wind velocity
of 191 mph (306 km/h) and environmental temperature of 50 ◦C (Ghosh
& Chakravarty, 2018).

3. Results and discussion

3.1. Dynamic mechanical property of E-fa/ECO copolymers at various
ECO contents

The study of thermo-mechanical characteristics of polymers is

Fig. 1. The geometry of the roof coated with copolymer coating: a) side view and b) rear view.

Fig. 2. Dynamic mechanical property (a) storage modulus and (b) loss tangent of E-fa/ECO copolymer at various ECO contents.
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commonly used dynamic mechanical analysis. Temperature-dependent
storage modulus of E-fa/ECO copolymers at different ECO contents are
exhibited in Fig. 2(a). The storage modulus of the copolymers at the
glassy state (− 100 ◦C) was declined from 1.59 GPa to 1.16 GPa as ECO

contents increased ranging of 10–50 wt% as expected. This is due to the
fact that copolymers had more flexible ECO content, which led to a more
flexible polymer network (Prathumrat et al., 2017; Rimdusit et al.,
2011).

Transition temperature is one of the most important factors for SHP
performance, which improved by high polymer network mobility with
sufficient low Tg. The Tg of E-fa/ECO copolymers at different ECO
concentrations was obtained from loss tangent curves at the maximum
peak as shown in Fig. 2(b). From the results, Tg of the copolymers were
decreased from 58 ◦C to − 9.4 ◦C when ECO was added. The decrease in
Tg is possibly owning to long alkyl chains of epoxy which might be aided
by a decrease in crosslink density. The Tg value of the copolymers
decreased as molecular mobility increased (Hombunma et al., 2019).
Moreover, the DMA results also showed that the storage modulus of all
copolymers was gradually decreased after reaching Tg. This might be
affected by state changing of the copolymers from rubbery state to
liquid-like state (Mrlík et al., 2020).

3.2. Self-healing effect of E-fa/ECO copolymers at various ECO contents

The state changing of E-fa/ECO copolymers at various ECO con-
centrations was studied by DSC in both heating and cooling segments as
shown in Fig. 3. The enthalpy of the copolymers at various ECO contents
are tabulated in Table 1. From the results, the neat poly(E-fa) and all
copolymers were found broad endothermic peaks in heating segment
(Fig. 3(a)) and small exothermic peaks in cooling segment (Fig. 3(b)).
Heating and cooling enthalpies of the copolymers were systematically
decreased with decreasing the E-fa contents. This indicates that the
reversible state changing generated by poly(E-fa) resulted in state
transition of E-fa/ECO copolymers between rubbery state and liquid-like
state. Additionally, the endothermic peaks of the copolymers, which are
the maximum state changing, dropped from 162 ◦C to 125 ◦C as the ECO
contents increased was observed that may thank to the flexibility of the
polymer network facilitated by the long alkyl chains of ECO
(Hombunma et al., 2019). However, the onset endothermic peaks of the
neat poly(E-fa) and all copolymers were found as similar as at approx-
imately 90 ◦C. Therefore, the results implied that reversible state
changing of all E-fa/ECO copolymers could initially occur at ~ 90 ◦C
which is one of the crucial parameters for being self-healing polymers.
The similar findings of self-healing thermoplastic polyurethane (TPU)
and poly(ε-caprolactone) (PCL) measured by DSC in the range of
110–150 ◦C were identified to be reversible reaction known as Diels-
Alder reaction reported by Bi et al. (Bi et al., 2022). Furthermore, to

Fig. 3. DSC thermograms of E-fa/ECO copolymers at various ECO contents in (a) heating segment and (b) cooling segment.

Table 1
Heating enthalpy and cooling enthalpy of the E-fa/ECO copolymers at various
ECO contents.

Sample Heating enthalpy (J/g) Cooling enthalpy (J/g)

Poly(E-fa) 2.20 0.127
Poly(E-fa/ECO) 90/10 2.15 0.110
Poly(E-fa/ECO) 80/20 2.06 0.088
Poly(E-fa/ECO) 70/30 1.98 0.068
Poly(E-fa/ECO) 60/40 1.89 0.046
Poly(E-fa/ECO) 50/50 1.84 0.029

Fig. 4. FTIR spectra of E-fa/ECO copolymer at weight ratio of 50/50 wt% at a)
room temperature and b) transition temperature.
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avoid completely deformation of the copolymers at the maximum
endothermic peaks for further applications, the onset endothermic peaks
at 90 ◦C was applied as the healing temperature in this work.

The reversible reaction of E-fa/ECO copolymer at weight ratio of 50/
50 wt% between room temperature (RT) and transition temperature
(~90 ◦C) was studied by FTIR spectroscopy with heating ATR as shown
in Fig. 4. From the spectrum, the copolymer at RT demonstrated the
absorption band at 1496 cm− 1 which is the tetra-substituted arene of
poly(E-fa) obtained from the ring-opening reaction of E-fa (Ishida &
Sanders, 2000; Mora et al., 2021; Prasomsin et al., 2019). The charac-
teristic peak of furan group and C=C stretching of poly(E-fa) was
observed at 735 and 1634 cm− 1, respectively (Hombunma et al., 2019).
On the other hands, the FTIR spectrum of the copolymer at transition
temperature presented the new absorption bands at 420 and 1545 cm− 1

attributed to cyclohexene group of the copolymers (Mostafalou &
Mohammadi, 2024). The new absorption peak at 1337 cm− 1 referred to
2,5 dihydrofuran group was also found in the E-fa/ECO copolymer at
transition temperature (Api et al., 2023). Moreover, the decreased band
at 1634 cm− 1 suggested to C=C stretching of poly(E-fa) was observed
(Hombunma et al., 2019). This is might be attributed to Diels-Alder
reversible reaction between double bond (C=C) and furan group of
poly(E-fa) (Wu et al., 2021) was occurred during heating beyond tran-
sition temperature. A possible Diels-Alder reaction occurred in E-fa/ECO
copolymers is presented in Fig. 5. The results suggested that the self-
healing behavior of E-fa/ECO copolymers occurred during state
changing via the Diels-Alder reaction at transition temperature of ~
90 ◦C for further investigation.

3.3. Self-healing behavior of E-fa/ECO copolymers at various ECO
contents

To investigate the macroscopic self-healing behavior, a rectangular
sample of E-fa/ECO copolymers was cut into two sections, and the newly
exposed surfaces were brought into immediate touch (Fig. 6). It was then
subjected to heating at transition temperature of 90 ◦C for 2 min to allow
Diels–Alder reactions. The repaired sample can then be stretched
without breaking. Fig. 7 shows the microscopic healing process of E-fa/
ECO copolymers at various ECO contents. The surfaces of the sample
were provided after healing at 90 ◦C for 0, 1 and 2 min. From the results,
the surface of the copolymers was more healed with increasing healing
time. In addition, the surface of the copolymers was less healed with
increasing ECO contents. This phenomenon was explained by the
decrease in E-fa contents which could generate the Diels–Alder reactions
leading to lower self-healing performance.

Due to tensile strength at the service temperature of RT which plays
an important role in the coating applications, the tensile strength
therefore was reported and studied as the parameter change under
healing process. Table 2 shows the tensile strength of E-fa/ECO co-
polymers at various ECO contents before and after healing. Healing
performance of E-fa/ECO copolymers was calculated by Eq. (1) with
comparison of the tensile strength of the specimen before and after
healing by heating at transition temperature of 90 ◦C for 2 min.

%Healing =
(
TSafter/TSbefore

)
× 100 (1)

where TSafter is tensile strength of specimen after healing and TSbefore is
tensile strength of specimen before healing.

Fig. 5. A possible Diels-Alder reaction occurred in E-fa/ECO copolymers.

Fig. 6. Healing test of E-fa/ECO copolymers.
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From the results, it was discovered that adding ECO up to 30 wt%
enhanced the tensile strength of the copolymers by up to 3.68 MPa. This
might be attributed to the softer ECO could help to improve the flexi-
bility of the copolymers that led to improve load transfer of the sample.
Nevertheless, tensile strength dropped to 1.74 MPa when ECO was
added to poly(E-fa) at a weight percentage higher than 30 % due to
adequate ECO softening (Parnklang et al., 2019; Takeoka et al., 2020).
From Table 2, healing performance of the copolymers was decreased
with increasing epoxy content. This aligns well with the earlier findings
which was due to the decrease the reversible Diels–Alder reactions in E-
fa that acted as healing agents in the copolymers. Furthermore, healing
performance of our developed E-fa/ECO copolymers (75–93 %) was

Fig. 7. Microscopic healing process of E-fa/ECO copolymers at various ECO contents.

Table 2
Healing performance and tensile strength of E-fa/ECO copolymers at various ECO contents before and after healing.

Sample Tensile strength
before healing (MPa)

Tensile strength
after healing (MPa)

% Healing

Poly(E-fa/ECO) 90/10 2.17 ± 0.12 2.02 ± 0.11 93
Poly(E-fa/ECO) 80/20 2.74 ± 0.08 2.47 ± 0.07 90
Poly(E-fa/ECO) 70/30 3.68 ± 0.08 3.20 ± 0.07 87
Poly(E-fa/ECO) 60/40 2.10 ± 0.05 1.73 ± 0.04 82
Poly(E-fa/ECO) 50/50 1.74 ± 0.10 1.31 ± 0.08 75

Table 3
Peel strength onto stainless steel substrate of E-fa/ECO copolymers at
various ECO contents.

Sample Peel strength (N/mm)

Poly(E-fa/ECO) 90/10 0.68 ± 0.02
Poly(E-fa/ECO) 80/20 0.71 ± 0.02
Poly(E-fa/ECO) 70/30 0.75 ± 0.01
Poly(E-fa/ECO) 60/40 0.80 ± 0.01
Poly(E-fa/ECO) 50/50 0.84 ± 0.01
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higher than that of multistimuli-responsive intrinsic self-healing epoxy
resin produced through host–guest interactions (~79.2 %) (Hu et al.,
2018) and methacrylic acid (MAAc) and poly(ethylene glycol) methyl
ether methacrylate (OEGMA) random copolymer: poly(MAAc-co-
OEGMA) (~60–80 %) (Diggle et al., 2021).

3.4. Peel strength of self-healing materials based on E-fa/ECO copolymers
at various ECO contents

The adhesion to the substrate is one of the most important properties
of the coatings which was indicated to the strong bond between them
and substrate (George et al., 2023). Peel strength onto stainless steel
substrate of self-healing materials based on E-fa/ECO copolymers at
various ECO contents was studied as shown in Table 3. The peel strength
for the copolymers increased with growth in ECO contents. The strength
of the copolymers increases with increase in ECO content reflects the
increases the interfacial strength which might be occurred by

intermolecular bonds of H-bond between hydroxyl group of stainless
steel surface and E-fa/ECO copolymers (Schmidt& Bell, 1986; Wei et al.,
2020). The addition of ECO into the copolymers could enhance the
amount of hydroxyl group of E-fa/ECO copolymers from opening oxir-
ane ring of epoxy and oxazine ring of benzoxazine resin after thermal
curing as provided a possible structure in Scheme 1(b) which substan-
tially improve peel strength of the copolymers (Hombunma et al., 2019).
Moreover, the adhesion mechanism of the developed copolymers after
peeling test was also investigated by optical microscope as shown in
Fig. 8. From the results, the surfaces of all copolymers were found some
layer of the copolymers remaining on the substrate surface. This indi-
cated that the adhesion mechanism of E-fa/ECO copolymers onto
stainless steel was the cohesive failure representing sufficient adhesion
strength between the coating and substrate (Ebnesajjad, 2014). More-
over, the peel strength of our developed copolymers was in the similar
range of that of commercial epoxy coating of 0.70 N/mm tested with the
same conditions. The results suggested that the adhesion to stainless
steel substrate of the copolymers were substantially improved with the

Fig. 8. Failure surface after peeling test of E-fa/ECO copolymers at various ECO contents: a) stainless steel, b) 10 wt%, c) 20 wt%, d) 30 wt%, e) 40 wt% and f) 50
wt%.

Fig. 9. Healing performance of E-fa/ECO copolymer at different healing times.

Fig. 10. Tensile strength after healing and healing performance of E-fa/ECO
copolymer at ECO content of 20 wt% versus healing cycle.
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incorporation of ECO at 20 wt% or higher and sufficient for stainless
steel coating applications.

3.5. Repeated healing cycles of self-healing material based on E-fa/ECO
copolymer

According to our earlier findings, E-fa/ECO copolymer with ECO
content of 20 wt% offered good self-healing ability of 90 % combined
with a superior assortment of thermomechanical properties (Tg of 43 ◦C
which higher than service temperature at RT of 25 ◦C and storage
modulus of 1.53 MPa) and mechanical property (tensile strength of 2.74
MPa and peel strength onto stainless steel substrate of 0.71 N/mm).
Consequently, as shown in Fig. 9, the SHP sample based on E-fa/ECO

copolymer was studied the effect of healing time on healing perfor-
mance. The results showed that the healing performance was increased
up to 90 % with increasing healing time up to approximately 112 s. In
addition, healing performance of our developed E-fa/ECO copolymers
was in the similar range of healing efficiency with faster healing time
when compared to those of the polyurethance-urea system (healing ef-
ficiency of 94 % with thermo-responsive healing time for 10 min) (Wu
et al., 2021) and bio-derived V-fa/ECO copolymers (healing efficiency of
93 % with healing time for 20 min) (Amornkitbamrung et al., 2022).
From the results, SHP based on E-fa/ECO copolymer at ECO content of
20 wt% with healing time of 112 s was subjected to further analysis of
healing cycles. Furthermore, the impact of healing cycles on tensile
strength after healing and its healing performance was evaluated and
illustrated in Fig. 10. It was observed that there was no discernible
difference in healing capability up to five cycles, suggesting that the self-
healing ability of the copolymer was remarkably stable.

3.6. Numerical simulation analyses of roof coatings based on E-fa/ECO
copolymer

Numerical simulation was initially performed to assess the suitability
of input property of E-fa/ECO copolymer at 20 wt% of ECO by
comparing tensile strength from experimentation and simulation. The
simulated tensile strength of the copolymer is illustrated in Fig. 11.

Fig. 11. Numerical stress of E-fa/ECO copolymer at 20 wt% of ECO under
tension mode.

Fig. 12. Numerical simulation analyses performed on E-fa/ECO copolymer undergoing wind impact.

Table 4
Isotropic material properties of stainless-steel roof and E-fa/ECO copolymer.

Properties Stainless steel roof Coating based on
E-fa/ECO copolymer at 80/20 wt%

Thickness (mm) 8 0.5
Density (g/cm3) 7.850 1.128
Young modulus (Pa) 2.0 × 1011 8.1 × 108

Poisson’s ratio 0.3 0.45
Bulk modulus (Pa) 1.67 × 1011 2.71 × 109

Shear modulus (Pa) 7.7 × 1010 2.803 × 108
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Based on the data, it was estimated that numerical tensile strength of the
copolymer would be 2.89MPa, 5 % difference from the previously stated
experimental tensile strength of 2.74 MPa. Likewise, there was a qual-
itative similarity between the simulated and experimental tensile
strength values. Therefore, the input property of E-fa/ECO copolymer at
20 wt% of ECO was applied in further the roof coating study.

To study the performance of SHP based on E-fa/ECO copolymer in
roof coating application under tropical storm condition with wind ve-
locity of 191 mph (306 km/h) and environmental temperature of 50 ◦C,
numerical simulation was utilized to study the response of the specimen
as shown in Fig. 12. The isotropic material properties of stainless-steel
roof and E-fa/ECO copolymer at 20 wt% of ECO specimen are pre-
sented in Table 4. The results were found that the stress occurred as the
wind impact time on the roof. After impact incident, the maximum stress
was growth on the E-fa/ECO coating layer at the edge without damaging
stainless steel roof with the value of 1.143 MPa which is lower than the
strength of the copolymer. The results revealed that the damage
occurred on the coating layer which could be healed by fast thermo-
responsive self-healing effect at 90 ◦C for 112 s to protect the struc-
tural roof suggesting possibility for coating application.

4. Conclusions

This work has been successfully developed thermo-responsive ther-
moset self-healing polymers based on bio-derived E-fa/ECO copolymers.
The effect of ECO contents at 10–50 wt% on thermal property, me-
chanical property and self-healing performance of the copolymers was
investigated. The outcomes of DSC and FTIR results indicated the
reversible Diels-Alder reaction was formed in the copolymers structure
triggered by heating. Healing temperature of E-fa/ECO copolymers was
initially occurred at approximately 90 ◦C with the addition of ECO
contents up to 50 wt%. The mechanical property under tension mode
and peel strength to stainless steel were also substantially enhanced with
the incorporation of ECO. In term of SHP performance, healing perfor-
mance was enhanced with increasing E-fa contents. The results revealed
that the healing performance of the copolymers was substantially
improved up to 93 % with increasing healing time at less than approx-
imately 2 min. Furthermore, the numerical results predicted that stress
under tropical storm of roof coated with E-fa/ECO copolymers was
occurred on the coating layer. The results suggested that the bio-derived
benzoxazine/epoxy copolymers have a potential use in SHP coating
materials with reverse healing more than 5 cycles.
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