
Progress in Organic Coatings 189 (2024) 108316

0300-9440/© 2024 Elsevier B.V. All rights reserved.

Solvent-free coatings based on bio-sourced benzoxazines resins with 
healing, repair, and recycling capabilities 

Louis Van Renterghem a,*, Roya Malekkhouyan b, Leila Bonnaud a, Romain Tavernier a, 
Marjorie Olivier b, Jean-Marie Raquez a 

a Laboratory of Polymeric and Composite Materials (LPCM), Center of Innovation and Research in Materials, Materia Nova Research Center University of Mons 
(UMONS), Place du Parc 20, Mons 7000, Belgium 
b Materials Science Department, University of Mons, Place du parc 20, Mons 7000, Belgium   

A R T I C L E  I N F O   

Keywords: 
Benzoxazines coatings 
Aluminum coatings 
Anticorrosion 

A B S T R A C T   

Conventional benzoxazine resins, in spite of their excellent thermo-mechanical properties and good solvent 
resistance, suffer from high curing temperatures and limited self-healing/ reprocessability. In this frame, bio- 
sourced phenol (Phloretic acid), various diols (Dodecandiol/PEG200/Ethylene glycol), and amine (mono-
ethanolamine) have been used in appropriate proportions to synthesize innovative benzoxazine precursors 
bearing exchangeable ester functions following a solventless method. They can be directly handled and used for 
coating applications without using any solvent. The overall synthesis was followed by Nuclear Magnetic Reso-
nance and Fourier transform infrared spectroscopy (FT-IR). The reduced curing temperature, thermal stability, 
good thermo-mechanical performance, and ester bond exchange-ability system were demonstrated by Differ-
ential Scanning Calorimetry (DSC), thermogravimetric analysis (TGA), and Dynamic mechanical analysis (DMA - 
stress relaxation testing), respectively. The elaborated resins were applied on etched aluminum 1050 without 
solvent and the corrosion resistance of the coatings was investigated by electrochemical impedance spectroscopy 
(EIS). The electrochemical results showed proper corrosion protection on aluminum substrates. The best result 
was obtained with Dodecandiol-based benzoxazine coating due to its longer aliphatic chain and hydrophobic 
property. Comparing this coating with an epoxy-based benchmark showed enhanced corrosion resistance for the 
benzoxazine after 50 days of immersion, making it an interesting candidate for future industrial use.   

1. Introduction 

Aluminum (Al) alloys have different applications in industrial tech-
nologies like aircraft, buildings, automobiles, and chemical plants due to 
their low cost, form-ability, weld-ability, durability, and high strength- 
to-weight ratio properties [1,2]. The corrosion resistance of Al alloys 
is relatively stable due to the formation of an oxide layer, but this layer 
cannot sustain in the case of very aggressive chemical attacks [3]. 
Different strategies can be performed for enhancing the corrosion 
resistance of Al alloys like chromating, cathodic protection, and organic 
coating [4]. Among them, the low-cost application of organic coatings is 
preferred for industry and it is estimated that by 2024 the global coating 
market would be increased to USD 218 billion [5]. Organic coatings can 
protect the substrates by creating a barrier layer between the corrosive 
environment and the surface. For this purpose, epoxy [6,7], epoxy/ 
polyamide [8], and conducting polymers like polyaniline [9], and 

polypyrrole [10] were used. Polybenzoxazine, a new type of phenolic 
resin, has recently attracted attention for coating applications by pre-
senting outstanding properties of low dielectric constant, thermal sta-
bility, alkaline resistance, hydrophobic behavior, and slight shrinkage 
after curing [1,4,11–18]. Benzoxazine resins are commonly obtained 
from the ring-opening polymerization of 1,3-benzoxazine precursors. 
The latter can be straightforwardly synthesized at high yield (>90 wt%) 
by a Mannich- like condensation of an amine, a phenol, and formalde-
hyde [13,15,19–21]. 

With regard to benzoxazine-based coatings, in previous studies our 
group developed and studied benzoxazine- based Phenol- 
paraPhenyleneDiAmine (P-pPDA) [4,16] and benzoxazine-based 4-eth-
ylphenol-para-phenylenediamine (4EP-pPDA) [1] coatings applied to 
various aluminum-based substrates treated in different ways. In all 
cases, these benzoxazine-based systems significantly improve the 
corrosion resistance of aluminum-based metal substrates, and it was 
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found that 4EP-pPDA resin, which has a much lower viscosity than P- 
pPDA, enables deeper impregnation of the substrate [1]. Another study 
also showed that the addition of nanoparticles such as B-trimethysityl-N- 
triphenylborazine at different concentrations to P-pPDA resin further 
enhanced the corrosion resistance of metal substrates [14]. However, 
despite their good performance, this type of precursor has a number of 
environmental drawbacks. More specifically, they are synthesized from 
petro-sourced reagents, and a three-dimensional covalent network that 
is difficult to repair or recycle is formed during polymerization. What’s 
more, these precursors are solid at room temperature, and a solvent that 
is generally toxic to the environment (e.g. chloroform) must be used to 
apply them as coatings. Alternative, more sustainable and eco-circular 
approaches are therefore desirable. 

In this context, this study proposes new benzoxazine precursor 
structures that are synthesized from reagents that can be derived from 
renewable resources, that incorporate functionality enabling resin 
repair and recycling after curing via the formation of a covalent adaptive 
network (CAN) [22], and that can be sufficiently fluid to be applied 
directly in the absence of solvent by the dry coating technique. 

Interestingly, the literature reports numerous examples of the prep-
aration of benzoxazine precursors from biobased or biobasable com-
pounds [18–21,23,24]. One study even shows that it is possible to 
synthesize water-soluble benzoxazine precursors for water-borne 
coating [18]. The dry-coating technique already used for epoxy sys-
tems is even more eco-friendly, as no solvents are used [22]. To our 
knowledge, no benzoxazine coating has yet been tested using this 
technique. Very recently, a number of new benzoxazine precursor 
structures with interchangeable functions for the manufacture of CANs, 
including transcarbamoylation [24], transesterification [25], dioxo-
borolane [26], disulfide bonds [27], have also been developed. In 
particular, tertiary amines are known to catalyze and promote trans-
esterification reactions by nucleophilic activation of hydroxyl groups 
[28]. The intrinsic presence of tertiary amines on the benzoxazine 
backbone makes transesterification a particularly well-suited tool for 
introducing exchangeable functions into a benzoxazine network. The 
literature also shows that it is possible to obtain benzoxazine precursors 
that are liquid and therefore very fluid at room temperature or at rela-
tively low temperatures, by incorporating long chain groups (such as 
alkyl or ether-alkyl chains, for example) into the precursor structure 
[20,23]. It was on the basis of these various elements that the reagents 
were selected to design the benzoxazine precursors of this study. 

More specifically, ester functions were introduced into the benzox-
azine network by Fischer esterification between a low-viscosity natural 
phenolic compound bearing an acid group and various biobased diols of 
different chain lengths to modulate viscosity. Few phenols that have 
both low viscosity and acid functionality can be biobased. For instance, 
Diphenolic acid which has been already used in the synthesis of ben-
zoxazine monomers, was ruled out as too viscous [25]. Furthermore, in 
order to reduce the polymerization temperature of the monomers, the 
chosen phenol must be free in the ortho position [29]. For this reason, 
ferulic acid was excluded [30]. Arslan has demonstrated the synthesis of 
a low-cure benzoxazine precursor with gallic acid due to the presence of 
three alcohol functions that can catalytically lower the temperature 
during polymerization [31], but it cannot be used for the design of 
solvent-free bio-based monomers due to its high melting temperature. 

Similarly, coumaric acid and para-hydrodxybenzoic acid could be 
used for the synthesis of polybenzoxazine precursors, but the monomers 
obtained suffered from a significant loss of mass visualizable by TGA, 
which limits their use [30,32]. Finally, phoretic acid, a naturally 
occurring phenolic compound which can be produced by the hydroge-
nation of p-coumaric acid or from a by-product of apple tree leaves (e.g. 
phloretin), was chosen for its better temperature resistance, its low 
viscosity/melting temperature, which allows both monomer synthesis 
and solvent- free application to the metal substrate, and the presence of 
its acid function for the development of CANs by transesterification 
[33]. With regard to the biobased diols contributing to the tuning of the 

viscosity of the benzoxazine precursors and needed to generate the ester 
exchangeable groups by Fischer esterification with phoretic acid, 3 
compounds were selected for this study: PEG200, ethylene glycol and 
1,12-dodecandiol. The latter has a molecular weight similar to that of 
PEG200, and was chosen to compare the influence of polarity on the 
coating. Furthermore, to facilitate exchange reactions between ester 
functions, additional free hydroxyl pendant groups were incorporated 
into the resin structure with mono-ethanolamine (mea), a biologically 
derived amine obtained by decarboxylation of L-serine [34]. 

In addition to the synthesis and detailed characterization of these 3 
new eco-friendly and eco-circular benzoxazine precursors, their use in 
dry-coating to protect 1050 aluminum substrates is also being studied in 
depth in this study. 

2. Material and methods 

2.1. Sample preparation 

2.1.1. Materials 
Phloretic Acid (>98 %) was purchased from TCI. 1,12- Dodecandiol 

(99 %), Ethylene glycol (99,8 %), para- toluenesulfonic acid (98,5 %), 
Methyl Ethyl Ketone, Dioxolane and paraformaldehyde were obtained 
from VWR. Polyethylene glycol (PEG 200) and ethanolamine were 
purchased from Merck. The commercial resin Epikote 828 (Brenntag) 
with an equivalent weight of 185–192 g/eq was used as epoxy resin. 
Diluent Epotec RD 106 (ThaiEpoxy group) with an equivalent weight of 
220–250 g/eq was added to reduce the viscosity of the resin. The amine 
curing agent was Ancamine 2753 (Air product) with an equivalent 
weight per active H of 153 g/eq. All chemicals were used without any 
further purification. 

2.1.2. Synthesis of phloretic ester 
The syntheses of PA-PEG200, PA-dd and PA-EG were performed ac-

cording to Fig. 1. The operating conditions were the same for all the 
samples. The synthesis protocol for the PA-PEG200 is explained as an 
example. Phloretic acid (20.0 g, 120 mmol), polyethylene glycol 200 
(14,4 g, 72 mmol) and paratoluenesulfonic acid (0,17 g, 1 mmol) were 
placed into a 250 ml beaker equipped with a stirring bar. The mixture 
was stirred at 130 ◦C for 24 h at 150 rpm. After cooling to room tem-
perature, the crude product was solubilized in 200 ml of methyl Ethyl 
Ketone. Then, the solution was washed with deionized water three times 
to remove the catalyst. The organic solvent was dried under vacuum 
overnight to obtain a dark red viscous liquid yield of 95 %. 1H NMR 
(DMSO‑d6,ppm): PA-PEG200: 9.17 (Ar-OH*), 6.99 (Ar*-OH), 6.66 (Ar*- 
OH), 4.12 (O=C-O-CH2*), 3.57(O=C-O-CH2-CH2*), 3.51 (PEG CH2*- 
CH2*-O), 2.73 (HO-AR-CH2*), 2.56 (HO-AR-CH2-CH2*). PA-dd: 9.18 
(Ar-OH*), 6.97(Ar*-OH), 6.67(Ar*-OH), 3.98 (O=C-O-CH2*), 2.75 (HO- 
AR-CH2*), 2.55 (HO-AR-CH2-CH2*), 1.53 (O=C-O-CH2-CH2*), 1.25 (DD 
-CH2*-CH2*-). PA-EG: 9.17 (Ar-OH*), 7.02 (Ar*-OH), 6.67 (Ar*-OH), 
4.19 (O=C-O-CH2*), 2.74 (HO-AR-CH2*), 2.56 (HO-AR-CH2-CH2*). 

2.1.3. Synthesis of Phloretic benzoxazine 
The syntheses of PA-PEG200-mea, PA-dd-mea, and PA-EG-mea were 

performed according to Fig. 1. The operating conditions were the same 
for all the samples. The synthesis protocol for the PA-PEG200-mea is 
detailed as an example. Phloretic ester (29,0 g, 58,5 mmol), mono-
ethanolamine (7,14 g,117 mmol) and paraformaldehyde (7,0 g, 234 
mmol) were placed into a 250 ml beaker equipping with a stirring bar. 
The mixture was stirred at 85 ◦C for 150 min and 30 min at 90 ◦C at 150 
rpm. The resulting product was a dark red viscous liquid. 1H NMR 
(DMSO‑d6,ppm): PA-PEG200-mea: 6.93–6.62 (Ar*-oxazine) 

∫
2.17, 4.79 

(N − CH2*-O-Ar) 
∫

0.95, 4.13(O = C − O − CH2*) 
∫

1.34, 3.96(N −
CH2*-Ar) 

∫
0.94, 3.57(= C − O − CH2-CH2* + HO-CH2*-CH2) 

∫
2.38, 

3.52(P EGCH2*-CH2*-O) 
∫

3.60, 2.71(AR − CH2* + HO-CH2-CH2*) 
∫

2.32, 2.58(AR − CH2-CH2*) 
∫

1.00.P A-dd-mea ∶ 6.92–6.63(Ar * 
− oxazine) 

∫
2.54, 4.79(N − CH2*-O-Ar) 

∫
1.12, 4.51(impurity), 3.98(O 
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= C − O − CH2*) 
∫

1.28, 3.93(N − CH2*-Ar) 
∫

1.06, 3.56(HO − CH2*- 
CH2) 

∫
1.38, 2.72(AR − CH2* + HO- CH2-CH2*) 

∫
1.84, 2.55(AR − CH2- 

CH2*) 
∫

1.00, 1.51(O = C − O − CH2-CH2*) 
∫

1.59, 1.23(DD − CH2*- 
CH2*-) 

∫
7.91.P A–EG − mea ∶ 6.93–6.63(Ar * − oxazine) 

∫
2.83, 4.77(N 

− CH2*-O-Ar) 
∫

0.94, 4.21(O = C − O − CH2*) 
∫

1.07, 3.92(N − CH2*- 
Ar) 

∫
0.94, 3.56(HO − CH2*-CH2) 

∫
0.96, 2.71(AR − CH2* + HO- CH2- 

CH2*) 
∫

2.10, 2.57(AR − CH2-CH2*) 
∫

1.00.FTIR(cm− 1): PA-PEG200- 
mea: 1731 (C––O stretching from the ester), 1230 (C-O-C stretching 
assymmetric), 1116 (C–H inplane bending mode 18a and 18b), 1031 
(C-O-C stretching symmetric), 937 (C–H out of plane bending vibration 
bands oxazine mode 10a and trisubstituted benzene). PA-dd-mea: 1700, 
1230 (C-O-C stretching asymmetric), 1118 (C–H inplane bending mode 
18a and 18b), 1034 (C-O-C stretching symmetric), 937 (C–H out of 
plane bending vibration bands oxazine mode 10a and trisubstituted 
benzene). PA-EG- mea: 1730 (C––O stretching from the ester), 1231 (C- 
O-C stretching asymmetric), 1143 (C–H inplane bending mode 18a and 
18b), 1049 (C-O-C stretching symmetric), 934 (C–H out of plane 
bending vibration bands oxazine mode 10a and trisubstituted benzene). 

2.1.4. Curing of benzoxazine thermoset 
All monomers were poured into square Teflon molds (5/5/0,1 cm), 

then degassed under pressure in an oven at 100 ◦C (15 min). Afterward, 
samples were heated at 160 ◦C for 2 h to obtain the corresponding 
polymerized products: pPA-PEG-mea, pPA-dd-mea, pPA-EG-mea. As 
follows: FTIR (cm− 1) pPA-PEG-mea: 1729 (C––O stretching from the 
ester), 871 (out-of-plane, out-of-phase hydrogen wagging node for the 
1,2,3,5-tetrasubstituted aromatic ring). pPA-dd- mea:1729 (C––O 
stretching from the ester), 875 (out-of-plane, out-of-phase hydrogen 
wagging node for the 1,2,3,5- tetrasubstituted aromatic ring). pPA-EG- 
mea: 1729 (C––O stretching from the ester), 873 (out-of-plane, out-of- 
phase hydrogen wagging node for the 1,2,3,5-tetrasubstituted aro-
matic ring). 

2.1.5. Coating preparation 
A1050 Al alloy substrates with dimensions 150 mm * 100 mm * 1.0 

mm were first etched with NaOH 1 M solution at 60 ◦C for 2 min and 
with nitric acid for 1 min after rinsing. These substrates were further 
washed with deionized water and dried. 

PA samples were degassed at 100 ◦C for 15 min and applied with a 

bar coater on the metallic substrate at 100 ◦C without solvent. All 
samples were heated at 160 ◦C for 2 h to obtain the corresponding 
polymerized products. The thickness of the coatings was determined 
using SEM images of the cross-section. 

2.2. Characterization 

2.2.1. Chemical and morphological characterization 
Fourier transform infrared (FTIR) spectra were recorded using a 

Fourier Transform Tensor (FTIR) 27 Spectrometer from Brüker 
600–4000 cm− 1, with 2 cm− 1 resolution and an accumulation of 32 
scans. 

Nuclear magnetic resonance (NMR) measurement was performed on a 
Bruker AVANCEII-500 (Karlsruhe, Germany) at room temperature. The 
solvent was DMSO. 

Gel content (GC) tests were performed in water and dioxolane by 
immersion at room temperature of 0.3 g of the material in 25 ml of 
solvent for 14 days. The samples were further dried at 100 ◦C in an oven 
for 24 h. The gel content is determined according to the Eq. (1). 

GC(%) =
mi − md

mi
⋅100 (1) 

With mi and md being the initial and the dried mass, respectively. 
Swelling ratio water (W) tests were performed in water by immersion 

at room temperature of 0.3 g of the material in 25 ml of solvent for 14 
days. The samples were further wiped clean and weighed. The Swelling 
ratio water is determined according to the Eq. (2). 

W(%) =
mi − ms

mi
⋅100 (2) 

With mi and ms being the initial and the swollen mass, respectively. 
The reported values are an average of three measurements. 

Scanning Electron Microscopy (SEM) experiment was carried out by a 
STEM FEG SU8020 instrument invented by Hitachi. The resolution was 
5.0 nm in general mode, and its resolution can reach 2.0 nm at 5 kv. The 
accelerated voltage ranged from 0.1 to 30 kV, and the magnification 
varied from 20 to 800k. 

Fig. 1. Synthesis of pPA-DD-mea, pPA-PEG-mea and pPA-EG-mea.  
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2.2.2. Surface wettability test 
Contact angle measurements were performed with a DSA 10 Mk2 

drop shape analysis system (Krüss) in a three- phase system consisting of 
the coating surface, air, and a drop of water. Concretely, water droplets 
(5 µl) were dispensed onto the surface of each coatings. Images were 
captured using a digital camera (2× magnification, white light, 5500 K). 

2.2.3. Thermal analyses 
Thermogravimetric analyses (TGA) were performed using a TGA Q50 

TA Instruments device. About 10 mg of each sample was scanned from 
25 to 800 ◦C at a heating rate of 10 ◦C/min under N2 gas at a flow rate of 
60 ml/min. 

Differential scanning calorimetry (DSC) thermograms were recorded 
by means of a MDSC 2920 TA Instruments apparatus operating under an 
inert atmosphere (N2) with a linear heating ramp from − 40 to 250 ◦C at 
10 ◦C/min rate on a sample of about 10 mg. 

2.2.4. Mechanical and thermo-mechanical properties 
Dynamic rheological analyses (DRA) were realized on a compact and 

modular MCR 302 instrument from Anton Paar equipped with a tem-
perature control device and disposable aluminum plate-plate configu-
ration. Temperature ramp tests were performed in oscillatory mode at a 
frequency of 1 Hz at 10 % strain using 2.5 cm diameter plate and a gap of 
1 mm. 

Dynamic mechanical analyses (DMA) were conducted on a DMA 
Q800TA Instruments analyzer. 2 types of tests were realized: tempera-
ture ramp and stress relaxation. For temperature ramp test, DMA were 
performed on rectangular sample (40/13/1 mm) in tensile mode with an 
amplitude of 2 μm at a frequency of 1 Hz, with a heating rate at 3 ◦C/min 
from 25 ◦C to 200 ◦C. The crosslinking density (v′) was calculated using 
Eq. (3). 

vE′ =
E′

R

3RTR
(3)  

where E′ is the storage modulus at rubber state (MPa), TR the tempera-
ture at 60 ◦C above Tg (K) and R the gas constant. Stress relaxation test 
were carried out using specimens with the same dimensions as those 
used for DMA tests. A constant 2 % strain was applied for each test and 
the relaxation modulus was recorded. The stress relaxation behavior was 
studied at different temperatures in the range between 150 ◦C and 
180 ◦C. Results were fitted using a two-phase Maxwell model using Eq. 
(4). 

τ* = τ1e
Ea
RT + τ2e

Ea
RT (4)  

2.2.5. Electrochemical properties 
The electrochemical impedance spectroscopy (EIS) measurements 

were performed in 0.1 M NaCl solution using Parstat Model 2273 
equipment controlled by Powersuit® software. A classical three- 
electrode system, which consisted of a platinum counter electrode, an 
Ag/AgCl (sat. KCl) reference electrode, and Al alloy samples, as working 
electrodes with an exposed area of 7 cm2 were used. EIS measurements 
were performed in a frequency range from 100 kHz to 100 mHz with 60 
points using a 30 mV peak-to-peak sinusoidal voltage. Each experiment 
was performed at least three times. 

2.2.6. Adherence properties 
The cross-cut adhesion test was carry out according the ISO 2409 

standard. The coating was incised by three parallel knife to produce a 
grid. An adhesive was applied 30 s on the coating and quickly remove. 
The aspect of the coating was further analyse by microscopy and 
compare with the standard class. 

3. Results and discussions 

3.1. Characterization and curing behavior of benzoxazine monomer 

The esterification of the Phloretic acid with three different diols 
(PEG200, ethylene glycol, and 1,12 dodencandiol) was confirmed by 
HNMR (Fig. 2). The characteristic peaks of the ester appeared at 2.75 
and 3.98 ppm for the PA- PEG corresponding respectively to the meth-
ylene protons adjacent to the carbonyl moieties β− and α− positions. 
The chemical shifts in the range of 6.67–6.97 ppm are associated with 
the aromatic ring. All the products were washed to remove the catalyst 
and reacted with monoethanolamine and paraformaldehyde to synthe-
size the monomer. The chemical shifts of the oxazine moieties, attrib-
uted to the O-CH2-N and Ar-CH2-N, appeared respectively at 4.79 and 
3.93 ppm. Furthermore, the disappearance of the phenolic peak at 9.18 
ppm confirmed the completion of the reaction. In order to verify the 
NMR results, FTIR analyses were performed. The shift from acid func-
tion to ester was observed between 1700 and 1732 cm− 1. The formation 
of benzoxazine ring was also validated by the peak at 934, 1229, 1116, 
and 1031 cm− 1, corresponding respectively to the out-of-plane bending 
of H-C-H, C-X stretching mode 13 + C-O-C aromatic asymmetric 
stretching, CH in-plane bending mode 18a/b and C-O-C stretching 
symmetric [35]. 

The ring-opening polymerization of benzoxazine groups was fol-
lowed by FTIR, DSC, and rheological experiments. The complete poly-
merization was confirmed by the disappeared characteristic peaks of 
benzoxazine at 930 and 1230 cm− 1 and the apparition of the out-of- 
phase hydrogen wagging node for the 1,2,3,5-tetrasubstituted aro-
matic ring at 875 cm− 1 (Fig. 3). From the DSC thermograms, the 
completeness of the polymerization was confirmed by the disappearance 
of the first exothermic peak at 189, 210, and 193 ◦C of PA-PEG-mea, PA- 
dd-mea, and PA-EG-mea respectively (Fig. 4a/b/c). The ring-opening 
polymerization (ROP) at a relatively low temperature is provided by 
the free hydroxyl function held by the monoethanolamine, which can 
react with zwitterionic intermediates appearing during the polymeri-
zation [36]. This catalytic effect affords a lower curing step (160 ◦C 2 h), 
by contrast with common biobased benzoxazine, synthesized with 
stearylamine or furfurylamine, requiring more time and/or energy 
(220 ◦C) [37,38]. This curing temperature is the main limiting param-
eter that affects the thermo-mechanical properties of the resulting 
metallic substrate. The second exotherm is correlated with the degra-
dation of the monomer, confirmed by TGA analysis. In order to verify the 
DSC measurement and to identify the best temperature for applying the 
monomer to the metal substrate, the evolution of the complex viscosity 
of the benzoxazine during the ROP was also monitored by rheological 
analysis. First, the sharp increase in viscosity (around 170 ◦C), corre-
sponding to monomer crosslinking for each sample, is consistent with 
the DSC results. In addition, the PEG and DD samples unequivocally 
showed the lowest viscosity due to the long aliphatic chain. In order not 
to create any defects during the application of the organic coating, the 
temperature chosen for each formulation was set at 100 ◦C, which is the 
best compromise between the lowest viscosity and the onset of ROP. All 
the results can be found in the Fig. 4 and the Table 1. Finally, gel content 
test verified the formation of cross-linked polymer with only a portion of 
soluble part inside the polymer matrix lower than 6 % for each sample 
(Table 2). 

3.2. Properties of benzoxazine polymers 

Due to the basic requirements for polymer coatings, the thermal, 
thermo-mechanical, and swelling/solubility behaviors were investi-
gated at first. As expected, samples with a longer carbon structure (like 
PEG and dodecandiol) are more flexible and show a lower cross-linking 
density. All polymers showed good thermal behavior with a T5%, T10%, 
Tmax, and char yield of ±265 / 290 / 405 ◦C and 30 % which were 
comparable to other biobased benzoxazine with self- healing features 
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[25,26,39]. The decomposition of these systems was mainly due to the 
thermal degradation of the main chain, occurring at 300–400 ◦C. As 
shown in Fig. 5, the glass transition temperature of the system was 
determined to be 65 / 69 / 127 ◦C from DMA thermograms for pPA-PEG- 
mea, pPA-dd-mea and pPA-EG-mea respectively. In addition, the ben-
zoxazine polymers that were synthesized with ethylene glycol exhibited 
good mechanical properties. The storage modulus at the glassy state was 
±1,85 GPa and 20,6 MPa at rubber state (60 ◦C above Tg), respectively. 
These results, especially in the area of biobased covalent adapted net-
works synthesized and applied without any solvent, are competitive 

with other resins manufactured for anticorrosion applications. [40–42]. 

3.3. Self-healing, ester bond exchange and reprocessability of 
benzoxazine polymers 

The self-healing behavior of the benzoxazine systems was assessed 
by analyzing the surface morphology recorded by a Leica optical mi-
croscope (Fig. 6). The coatings were cut on the surface with a razor 
blade. All the samples were further heated at 160 ◦C for 2 h without any 
external pressure and the final width of the damaged area was measured 

Fig. 2. H NMR spectra of PA-EG-mea, PA-DD-mea and PA-PEG-mea.  

Fig. 3. a) FTIR spectra of PolyPA-DD-mea, b) FTIR spectra of PolyPA-EG-mea, c) FTIR spectra of PolyPA-PEG-mea.  
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(Table 3). As expected, flexibility induced by DD aliphatic diols leads to 
the best results with 69 % self-healing. Similarly, EG, which has the 
highest Tg due to its short chain, revealed the lowest result with 46 %. 
Surprisingly, polarity seems to limit the ability of polymers to repair 
their scars as shown, by the lower value of the PEG sample. 

The recyclability of the materials was evaluated mechanically and 
chemically as shown in Fig. 7 Chemically, the samples were first 
degraded with acetic acid solution due to the protonation of the tertiary 
amine present after ring- opening polymerization [43]. The system 
residue was washed with deionized water until a neutral pH was 
reached. The wet samples were then dried overnight at 100 ◦C in an 
oven. Mechanically, the ground samples can rebuild the network 
through the transesterification mechanism. Finally, chemically and 
mechanically damaged polymer was filled into different square mold 
and pressed at 160 ◦C for 1 h at 3 metric tons. 

The thermo-mechanical properties of the as-recycled samples were 
then evaluated by dynamic mechanical tests in tensile mode. As shown 
in Supplementary information, Figs. 13, 14, 15, all reprocessed samples 
exhibit an apparent and single alpha transition, highlighting the ho-
mogeneity of the reshaped network. However, the nature of the diol 
seems to have a significant impact on the recyclability of the material. 
While the hydrophobic pPA-DD-mea sample showed a decrease in the 
tan delta value, the pPA-PEG-mea and pPA-EG-mea showed no signifi-
cant mechanical evolution. In all cases, the retention of Tg remains 
better than 83 %. Similar to the Tan-Delta results, the nature of the diols 
influenced the evolution of the crosslinking densities. Thus, mechanical 
and chemical reprocessing of the flexible dodecandiol and PEG 200 
networks tended to increase the crosslinking density, while the more 
rigid EG network seemed to decrease it. In parallel, the storage modulus 
was also increased for all systems. Such behavior could be related to a 
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Fig. 4. a) DSC, TGA and rheological behavior of PA-DD-mea, b) DSC, TGA and rheological behavior of PA-PEG-mea, c) DSC, TGA and rheological behavior of PA- 
EG-mea. 

Table 1 
thermal and rheological behavior of PA-PEG-mea, PA-DD-mea and PA-EG-mea monomers.  

Samples onset exotherm DSC 
(◦C) 

Max exotherm DSC 
(◦C) 

Enthalpy (J/ 
g) 

Initial curing temperature (rheology) 
(◦C) 

Complex Viscosity at 100 ◦C 
(PA*s) 

T5% 
(◦C) 

PA-PEG- 
mea  

126  189  53.9  179  0.05  212 

PA-DD-mea  173  210  50.0  179  0.01  226 
PA-EG-mea  161  193  95.2  154  0.11  243  

Table 2 
Properties of PA-PEG-mea/PA-DD-mea/PA-EG-mea polymers.  

Samples Gel content 
dioxolane (%) 

Storage modulus RT 
(MPa) 

Tg DMA 
(◦C) 

Storage modulus rubber 
state (MPa) 

Crosslinking density 
(mol/l) 

T5% 
(◦C) 

Char Yield 
(%) 

Swelling ratio 
water (%) 

pPA- 
PEG-  

94.9  640  65  7.0  0.7  267  29  17.6 

pPA-DD-  97.0  660  69  7.6  0.8  239  25  4.1 
pPA-EG-  98.7  1850  127  20.6  1.8  260  41  6.2  
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Fig. 7. a) Evolution of Max Tan delta after chemical and mechanical reprocessing of each benzoxazine polymers, b) Evolution of cross-link density after chemical and 
mechanical reprocessing of each benzoxazine polymers. 

Fig. 8. Transesterification mechanism occurring in the polybenzoxazine network.  
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post-curing effect induced by the applied pressure and temperature 
[44,45]. 

Stress relaxation experiments were performed to characterize the 
dynamic of ester bond exchange of polybenzox- azine resins (Fig. 8). Ea 
and τ* were calculated by DMA in tensile mode applying 2 μm of 
amplitude at a frequency of 1 Hz at a higher temperature than Tg’s 
polymers (Fig. 9). Several models can be used to fit our experimental 
data (Maxwell model, Kohlrausch-Williams-Watts model, …), but the 
two-phase Maxwell model (or a two-phase exponential decay function 
with time constant parameters) was preferred due to the presence of 
different types of alcohol moieties in the network (alkyl hydroxyl and 
phenoxy), which could result from different transesterification rates. 
The two phases Maxwell model consists of a sum of two terms in A exp. 
(− t/τ), that can be attributed to the alkyl hydroxyl and phenoxy. This 

multi-element model has already been used to fit transesterification 
reaction in epoxy network [46] and imine exchange [47]. Two relaxa-
tion times (T1 and T2) were obtained for each curve obtained at 
different isothermal temperatures. All relaxation times are reported in SI 
(Tables 1–3). 

Clearly, the nature of the diols used has an impact on the relaxation 
behavior, specifically on the two relaxation time, and the activation 
energies. For example, T2 at 160 ◦C, corresponding to the relaxation 
time for the second relaxation, was 348.4 s, 102.9 s, and 134.3 s for pPA- 
EG-mea, pPA-DD-mea, and pPA-PEG-mea, respectively. Thus, the lower 
mobility network provided by the small aliphatic chain of EG showed 
the highest relaxation time for each temperature. Furthermore, the 
strain can be completely relaxed provided the efficiency of the trans-
esterification reaction. The low relaxation time may be obtained by the 
abundance of tertiary amine in the network which may favor the 
nucleophilic substitution of the ester by the free hydroxyl group carried 
by the monoethanolamine [28]. The activation energies were measured 
by the slope of the Arrhenius equation obtained by the linear fitting of ln 
(τ) versus 1/T. Calculated Ea (Table 4) are all coherent with dynamic 
covalent bond mechanisms, since they are in the range of trans-
esterifications, especially in an internally-catalyzed network [25,28,48]. 
Captivatingly, the activation energies tend to increase as the cross-
linking density decreases, which may be related to the amount of OH 
groups. For example, when pPA-DD- mea exhibited low crosslinking 
density with 800 mol/l, both activation energies reached 143.5 and 
105.6 KJ/mol. Conversely, pPA-EG-mea showed a lower value with 58.1 
and 49.1 KJ/mol. Finally, the polarity of the network also seems to have 
an impact on stress relaxation. The activation energy changes by a factor 
of 2 for the DD and PEG motifs, even though they revealed the same 
thermo-mechanical behavior. 

3.4. Polybenzoxazine coatings 

The three benzoxazines were applied on a heat plate with a Teflon 
bar without solvent. The samples were first degassed at 110 ◦C under 
pressure for 30 min and applied at 100 ◦C on etched aluminum 1050 

Fig. 10. a) SEM pictures of benzoxazines coating b) Cross-cut adhesion test of pPA-DD-mea.  

Fig. 11. Water contact angles of polybenzoxazine coatings.  
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substrate. The coating was further heated in an oven at 160 ◦C for 2 h to 
completely cure monomers. The thickness was measured by SEM anal-
ysis and showed a width of ±70 μm (Fig. 10). 

To assess the polymerization of the monomers, the behavior of the 
coatings against common solvents was evaluated. The coatings were 
immersed in different solvents and stirred at 200 rpm for 24 h. All results 
can be found in the SI (Table 4). Only acetic acid could damage the pPA- 
EG-mea coating by the protonation of the tertiary amine [43]. For the 
other polymers, due to the presence of long spacer between the esters 
moieties, the ability of the solvent to remove the coating is also corre-
lated by the aptness to swell the polymer. 

To evaluate the adhesion between the metal substrate and the 
organic coating, a standard cross-cut adhesion test (ISO 2409) was 
performed. Excellent adhesion of both systems could be obtained from 
the intact edges without any coating detachment, as shown in the 
photographs in Fig. 10 (5B rating). 

The water contact angles of polybenzoxazine samples on aluminum 
plates are shown in Fig. 11 which illustrates the importance of the diols 
used in the synthesis. For example, the long alkyl chain of dodecandiol 
imparts a more hydrophobic character, as shown by the water contact 
angle of 101.3◦, whereas the PEG200 and EG networks are more hy-
drophilic (94.7 and 94.0, respectively). 

3.5. Electrochemical behavior of benzoxazine coatings on A1050 Al alloy 

Fig. 12 shows Bode plots of coated substrates with benzoxazine and 
epoxy (as a reference [49, 50]) coatings at different immersion times in 

0.1 M NaCl solution. The Bode phase diagram for epoxy, and DD has one 
time constant and the phase angle at high frequency is around − 87◦

reflecting both capacitive behavior and good barrier property of the 
coatings [51]. This time constant could cover a wide range of fre-
quencies for DD even after 50 days of immersion. However, for the 
epoxy sample after 50 days of immersion and EG sample, another time 
constant was added at low frequencies showing a decrease in the barrier 
properties of the coating. For PEG, the phase angle at high frequency is 
around − 70◦, representing less protectivity of the coating in comparison 
to the other samples. The impedance modulus at low frequency of 0.1 
Hz, as the representation of the system’s resistance [52], is the highest 
for DD and epoxy, and after that EG and PEG, respectively. The 
impedance at low frequency for the epoxy sample was almost constant 
after 7 days of immersion (2.7 × 1010 Ω.cm2) until it was decreased to 
6.5 × 109 Ω.cm2 after 50 days. For DD, the impedance at low frequency 
increased from 6.8 × 109 Ω.cm2 to 1.1 × 1010 Ω.cm2, and for PEG from 
3.8 × 105 Ω.cm2 to 7.3 × 105 Ω.cm2 after 50 days of immersion. While in 
the bode diagram of EG, this amount decreased from 3.8 × 109 Ω.cm2 to 
5 × 108 Ω.cm2 after the same immersion time. The impedance modulus 
of samples at low frequency along with immersion time is shown in 
Fig. 13(a). 

The EIS data were fitted by different equivalent circuits presented in 
Fig. 14 [49,53]. As the coatings show non- ideal behavior, constant 
phase element (CPE) was used for fitting data. The impedance for CPE is 
shown by eq. ZCP E = [Y0.(i.ω)n]− 1 in which Y0 and n are characteristic 
parameters of CPE. The parameter n can have values between 0 for a 
pure resistor and 1 for a pure capacitor [14]. Circuit (a) was used for 

Fig. 12. Bode plots of a) Epoxy, b) pPA-PEG, c) pPA-EG, d) pPA-DD coated, after immersion in 0.1 NaCl for 1 day, 7, and 50 days.  
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fitting epoxy and DD samples in which Rcoat and CPEcoat are related to 
the pore resistance and capacitance of the coating, respectively. For 
fitting EG at different immersion times and epoxy after 50 days of im-
mersion, another loop with CPEdl as double layer capacitance and Rct as 
charge transfer resistance was added to the circuit (Fig. 14 (b)) due to 
the metal/electrolyte interface representing a reduction in corrosion 
resistance. Moreover, for PEG, corrosion products on the surface caused 
the addition of a loop to the circuit with CPEcor and Rcor (Fig. 14 (c)). 
Obtaining the n value higher than 0.97 represents the capacitor behavior 
of the coatings. Fig. 13 (b), (c) show Rcoat and Ccoat evolution with time 
for all of the samples, respectively. According to Fig. 13 (b), the most 
Rcoat after 50 days of immersion was observed for DD (1.6 × 1010 Ω.cm2) 
and after that for epoxy coating (5.9 × 109 Ω.cm2). However, the Rcoat of 

EG and PEG are in the order of 103–104 Ω.cm2. For DD, the amount of 
Rcoat was first increased from 7.1 × 109 Ω.cm2 to 2.3 × 1011 Ω.cm2 and 
then decreased to 1.6 × 1010 Ω.cm2 which is more than the amount of 
Rcoat at 1 h immersion. The same trend was seen in Ccoat for this sample 
but in an inverse way (first decrease from 9.5 × 10− 11 Ω− 1sncm− 2 to 5.7 
× 10− 11 Ω− 1sncm− 2 and then increase to 9.5 × 10− 11 Ω− 1sncm− 2 after 
50 days of immersion). This may be due to the self-healing ability of the 
coatings and retrieving corrosion resistance. The same behavior was 
observed for PEG but for this sample, the existence of corrosion product 
can also affect the increase in corrosion resistance [54] (the value of 
these parameters can be found in Fig. 13). With increasing immersion 
time for epoxy and EG, Rcoat was diminished, and the amount of Ccoat 
increased due to the penetration of electrolyte in the coating [55]. The 

Fig. 13. (a) Impedance at low frequency (|Z|), (b) pore resistance of coatings (Rcoat), and (c) capacitance of coatings (Ccoat), obtained from fitting EIS data after 
immersion in 0.1 M NaCl solution. 

Fig. 14. Equivalent circuits used for fitting EIS data of samples with coating.  
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value of Ccoat can be estimated by the equation below: 

Ccoat = εε0
A
d

(5) 

In this equation, ϵ and ϵ0 stands for the electrical permittivity of the 
corrosive medium and vacuum, and A and d show the area and the 
thickness of the coating, respectively. With passing time, water can 
penetrate coatings and increase ϵ, as the water relative permittivity is 80 
(while this amount is between 2.5 and 10 for the organic coatings). 
According to Fig. 13 (c), Ccoat increase from 5.7 × 10− 11 to 6.8 × 10− 11 

Ω− 1sncm− 2 and from 9 × 10− 11 to 1 × 10− 11 Ω− 1sncm− 2 for epoxy and 
EG, respectively after 50 days of immersion. 

The better corrosion resistance of DD can be attributed to the longer 
carbon chain (in comparison to EG) and the hydrophobic property of 
this sample. The existence of more phenolic functions in EG than in DD 
facilitates the interactions with water by hydrogen bonds which increase 
the hydrophilicity. Besides, the hydrophile PEG, as the result of C–O 
bond in the chemical structure [56], does not have proper barrier 
property and swells as it is also visually observed. 

In the study of Golru et al. [8], epoxy/polyamide coating with a 

thickness of 40 μm was used for A1050 alloy substrate. The impedance 
modulus at low frequency for this sample was around 1 × 109 Ω.cm2 

after 3 days and reduced to <108 Ω.cm2 after 60 days [8]. Bandeira et al. 
[9] used polyaniline coating on A1050, and their best protective coating 
was obtained for intermediate-thickness coatings (18–23 μm) due to 
having lower roughness with the impedance of around 107 Ω.cm2 at low 
frequency after 1 day. Polybenzoxazine synthesized from commercial 
bisphenol A, revealed impedance at low frequency in the order of 108 Ω. 
cm2 after 30 days of immersion (thickness around 10 μm) [17] and the 
impedance of P-pPDA benzoxazine was in the order of 106 Ω.cm2 after 
21 days [14]. Even though the thickness of the coatings in the current 
study is larger than the abovementioned studies, the protectivity and 
corrosion resistance of DD sample is high enough and could maintain its 
anti-corrosive properties after 50 days of immersion. 

4. Conclusion 

In this study, three solventless bio-sourced benzoxazine polymer 
coatings exhibiting healing ability via dynamic covalent bond exchange 
were reported. Proton NMR spectra confirmed the successful prepara-
tion of precursors as indicated by the presence of oxazine ring and their 
polymerizability by ROP was evidenced by DSC/FTIR analyses. The 
properties of the resulting resins were largely found to be dependent on 
the type of diols used for their synthesis. More precisely, the structure 
with the shorter chain (i.e. EG) led to the more rigid system with higher 
Tg, higher storage modulus at room temperature, higher crosslink 
density and better solvent resistance whereas the structures bearing 
longer aliphatic moieties (i.e. PEG and DD) resulted in higher chains 
mobility allowing enhanced self-healing and mendable properties. In 
addition, the three resins were found to be reprocessable with no loss of 
mechanical properties and thus paving the way to their recyclability. 
Specifically for coating applications, thanks to their low viscosity, all 
precursors could be applied directly to etched A1050 substrates in the 
complete absence of solvent, which is an asset in achieving a more 
environmentally friendly solution. EIS results highlighted that the 
corrosion resistance of both PEG and DD-based coatings increased with 
immersion time due to dynamic bond exchanges promoting enhanced 
substrate protection. The DD-based system was found to display the best 
corrosion behavior after 50 days of immersion, making it a suitable 
candidate for industrial applications. 

Fig. 6. Self healing behavior of benzoxazine polymers.  

Table 3 
Self healing behavior of benzoxazine polymers.  

Samples Initial 
width 
(μm) 

Width 
after 1 h 
(μm) 

Self- 
healing 1 h 
(%) 

Width 
after 2 h 
(μm) 

Self- 
healing 2 h 
(%) 

pPA-PEG- 
mea 

168 ± 9 127 ± 11  24 82 ± 5  51 

pPA-DD- 
mea 

117 ± 11 45 ± 9  61 36 ± 5  69 

pPA-EG- 
mea 

139 ± 11 93 ± 8  33 75 ± 9  46  

Table 4 
Transesterification activation energies of each polybenzoxazine network.  

Samples R2
lnτ1 

Ealnτ1 R2
lnτ2 

Ealnτ2 

pPA-PEG-mea  0.993  78.9  0.994  43.9 
pPA-DD-mea  0.999  143.5  0.997  105.6 
pPA-EG-mea  0.981  58.1  0.983  49.1  

L. Van Renterghem et al.                                                                                                                                                                                                                      



Progress in Organic Coatings 189 (2024) 108316

12

CRediT authorship contribution statement 

Louis Van Renterghem: Writing – original draft, Software, Meth-
odology, Investigation, Formal analysis, Data curation, Conceptualiza-
tion. Roya Malekkhouyan: Writing – original draft, Software, 
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Leila Bonnaud: Writing – review & editing, Supervision, 
Resources, Conceptualization. Romain Tavernier: Software, Method-
ology, Formal analysis, Data curation. Marjorie Olivier: Writing – re-
view & editing, Supervision, Resources, Conceptualization. Jean-Marie 
Raquez: Writing – review & editing, Supervision, Project administra-
tion, Funding acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare no conflict of interest. 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

The authors wish to thank the Wallonia-Brussels Federation, Wallo-
nia, and the European Community for general support in the frame of 
the Concerted Research Action program (ARC 2020 - PROCOMAG 
project). L.B. also want to thank the INTERREG V FWVL program 
(ATHENS project) and PIT AERO (WINGS project). JMR is FRS-FNRS 
senior research associate. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.porgcoat.2024.108316. 

References 

[1] Alexis Renaud, Yoann Paint, Alex Lanzutti, Leïla Bonnaud, Lorenzo Fedrizzi, 
Philippe Dubois, Marc Poorteman, Marie Georges Olivier, Sealing porous anodic 
layers on AA2024-T3 with a low viscosity benzoxazine resin for corrosion 
protection in aeronautical applications, RSC Advances 9 (29) (2019) 16819–16830. 

[2] Niloofar Hosseiny, Ali Shabani, Mohammad Reza Toroghinejad, Effect of bimodal 
microstructure on texture evolution and mechanical properties of 1050 Al alloy 
processed through severe plastic deformation and subsequent annealing, Mater. 
Sci. Eng. A 820 (2021) 7. 

[3] Ruohan Zhao, Patrick Rupper, Sabyasachi Gaan, Recent Development in 
Phosphonic Acid-Based Organic Coatings on Aluminum 9, 2017. 

[4] Alexis Renaud, Marc Poorteman, Julien Escobar, Ludovic Dumas, Yoann Paint, 
Leïla Bonnaud, Philippe Dubois, Marie Georges Olivier, A new corrosion protection 
approach for aeronautical applications combining a phenol- 
paraPhenyleneDiAmine benzoxazine resin applied on sulfo-tartaric anodized 
aluminum, Prog. Org. Coat. 112 (2017) 278–287, 11. 

[5] Shuaipeng Wang, Wu Yonggang, Jinyue Dai, Na Teng, Yunyan Peng, Lijun Cao, 
Xiaoqing Liu, Making organic coatings greener: renewable resource, solvent-free 
synthesis, UV curing and repairability, Eur. Polym. J. 123 (2020) 1. 

[6] J. M. Hu, J. Q. Zhang, and C. N. Cao. Determination of water uptake and diffusion 
of Cl- ion in epoxy primer on aluminum alloys in NaCl solution by electrochemical 
impedance spectroscopy. Prog. Org. Coat., 46(4):273–279, 6 2003. 
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