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A B S T R A C T

In this paper a novel bio-based benzoxazine, dehydroabietylamine benzoxazine monomer (D-Bz), was synthe-
sized and a series of copolymers were prepared by using D-Bz and two other bio-based benzoxazines 6-allyl-8-
methoxy-3-octadecyl-3, 4-dihydro-2H-benzoxazine (S-Bz) and 6-allyl-3 –(furan-2-ylmethl)-8-methoxy-3, 4-di-
hydro-2H-benzoxazine (F-Bz). The structure, morphology and curing process are characterized by 1H nuclear
magnetic resonance spectroscopy (1H NMR), mass spectrometry (MS), fourier transform infrared spectroscopy
(FTIR), scanning electron microscope (SEM), differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). Electrochemical techniques such as open circuit voltage time (OCPT), Tafel and electrochemical
impedance spectra (EIS) were used to study their electrochemical corrosion properties. Results show that among
these copolymer, when the ratio of S-Bz: D-Bz: F-Bz is 1:6:3, the copolymer has good synergistic effects, showing
a lower dielectric constant (2.47 at 1000 Hz), higher crosslink density (5.29*E−4 mol/ml), lower corrosion
current (0.030 µA/cm2) and the best electrochemical corrosion efficiency (99.73%).

1. Introduction

Corrosion is the destruction and deterioration of materials caused
by the reaction of materials with their environment; it is the main factor
causing the failure of metal materials. Corrosion has adverse impacts on
the chemical, shipping, manufacturing and architectural industries
[1,2]. One of most widely used methods to mitigate corrosion is
polymer coatings which provide a physical barrier against corrosion
[3–5]. These physical barriers prevent oxygen, water and corrosive ions
from coming into contact with the metal substrate in order to protect
from corrosion [6,7].

At present, there are many kinds of polymers used in anti-corrosion
coatings, among which epoxy resin [8,9], polyaniline [10,11], phenolic
resin [12] and the like have been studied. Of these polymers, phenolic
resins are widely used as binders and coatings due to their high me-
chanical strength, excellent thermal stability and chemical resistance
[13,14].

A new type of thermosetting phenolic resin, benzoxazine resin, have
highly exceptional properties, such as excellent chemical resistance,
thermal stability, high char yield, very long shelf life [15,16]. In ad-
dition, Polybenzoxazine resin (PBz) has shown other excellent proper-
ties, such as low water absorption, near-zero shrinkage, low surface free

energy and dielectric properties [17–28]. PBz has been studied as an
anti-corrosion coating [16,29–34], shown to inhibit the corrosion of
coated steel samples due to the formation of a stable network that di-
minished the permeability of corrosion agents to the metallic substrate
[35–39]. Lin et al. mixed blends possessing a maleimide-containing
benzoxazine compound (MI-Bz) and an amine-capped aniline trimer
(ACAT) [30]. Lin’s study found that a covalent bond was established
between the ACAT and MI-Bz compounds which had a synergistic effect
on their respective anticorrosion properties. Caldona et al. adopted
rubber-modified PBz as an anti-corrosion coating for low carbon steel
[31]. Electrochemical measurements recorded after immersion in
chloride solution showed that the rubber-modified PBz was able to
protect the carbon steel from corrosion attack due to its slow surface
energy properties and water resistance ability (contact angle:
CA=101°). The electrochemical corrosion protection efficiency is
about 92%. Most studies on the corrosion protection of PBz coated
metals look at the homopolymer or composite; however, the prepara-
tion of composite materials also requires consideration of the compat-
ibility and dispersion of the applied filler particles [31]. Therefore, it is
necessary to study the synergistic effects of different PBz coatings on
corrosion resistance.

Nowadays, inspired by environmental protection policies, the use of
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renewable resources as chemical raw materials has become an im-
portant topic for researchers in various fields. Bio-based materials have
the advantages of being ‘green’, environmental friendliness, and re-
source-saving. Renewables are gradually becoming a leading industry
that guides scientific and technological innovation and economic de-
velopment [37–39]. Our research group has previously reported two
novel bio-based benzoxazines, obtained from rosin (Dehy-
droabietylamine), which have high corrosion resistance and an elec-
trochemical corrosion protection efficiency of 83% [40]. The materials
also have a stable open circuit voltage time in corrosion resistance and
low dielectric constants.

There are several formulas used to explain the relationships be-
tween the dielectric constant, capacitance, water absorption and
coating failure parameters. The parallel plate model formula (1) [41]
describe show, when an electrolyte solution with a large dielectric
constant penetrates into the coating, the dielectric constant K of the
coating will increase and, when the coating area (A) and thickness (d)
are constant, the corresponding capacitance (C) of the coating will also
increase. According to formula (2) [42], it can be known that the
foaming rate or porosity parameter F of the coating will increase. This
parameter corresponds to the microscopic foaming and micropore
production of the coating, which reduces the corrosion resistance of the
coating. As for the water absorption rate of the coating, we can refer to
the formula (3) [42]: when the water absorption of the coating (Xv%) is
low, the coating capacitance only changes a little with time. That is to
say, C(0) and C(t) are approximately equal.

=C Kε A
d0 (1)

=C C F0 (2)

= ×X C t C% 100 log[ ( )/ (0)]/log(80)V (3)

C0: coating capacitance per unit area; Xv%: the water absorption of the
coating; C(0): Coating starting capacitance; C(t): Coating capacitance at
time t.

Some researchers also reported that the higher cross-link density of
the coating could increase electrochemical corrosion [16,43,44]. P.
Thirukumaran synthesized bio-based benzoxazines 6-allyl-8-methoxy-
3-octadecyl-3, 4-dihydro-2H-benzoxazin (S-Bz) and 6-allyl-3 –(furan-2-
ylmethl)-8-methoxy-3, 4-dihydro-2H-benzoxazine (F-Bz) [44]. It was
found that the corresponding polymer PS-Bz has good flexibility and
that PF-Bz has good crosslink density, although their corrosion re-
sistance was not reported.

Naturally, we are motivated to study the anti-corrosion of bio-based
benzoxazine coating with low dielectric constant, low water absorption
and high cross-link density organic resins in order to improve upon
corrosion protection. In this work, we expanded our previous research
and synthesized a new bio-based benzoxazine resin (Scheme 1), D-Bz
(Dehydroabietylamine benzoxazine monomer). Since the PD-Bz (De-
hydroabietylamine polybenzoxazine) has a low dielectric constant and
more stable electrochemical corrosion resistance, we studied the co-
polymer of D-Bz with S-Bz and F-Bz in order to achieve higher elec-
trochemical corrosion protection efficiency. The thermal curing pro-
cess, thermal stability, crosslink density, contact angle, water
absorption, dielectric properties and electrochemical corrosion re-
sistance of the coating was investigated.

2. Experimental

2.1. Materials

Dehydroabietylamine (90%), furfurylamine (99%), octadecylamine
(99%), sodium chloride (99.5%), sodium bicarbonate (AR grade), so-
dium hydroxide (AR grade), eugenol (99%), paraformaldehyde (AR
grade), dioxane (AR grade), tetrahydrofuran (AR grade), acetic acid
(AR grade), ethanol (AR grade) and anhydrous acetone (AR grade) were

purchased from Sigma-Aldrich. Chemicals and solvents were used as-
received without further purification. The Q235 carbon steel
(10mm×10mm×0.2mm) electrodes were rinsed by ultrasonication
in anhydrous acetone and anhydrous ethanol for cleaning the surface
contaminants. After that, the Q235 were polished using 400, 800 and
1500-grit sand papers.

2.2. Synthesis of monomers

2.2.1. Synthesis of D-Bz
D-Bz was prepared by the fowling procedure: under condensed re-

flux conditions, eugenol (30mmol, 4.92 g), dehydroabietylamine
(30mmol, 9.50 g) and paraformaldehyde (60mmol, 1.8 g) were placed
in a 500mL round-bottomed flask (Scheme 1). Then 200mL of dioxane
was added as the solvent. The mixture was stirred at 70 °C until it was
completely dissolved, and then the mixture was heated to 85 °C and
maintained at this temperature for 12 h. After cooling to room tem-
perature, the crude product was concentrated under reduced pressure
to remove dioxane, and the residual solid washed several times with
95 °C 1% aqueous NaHCO3 to remove unreacted eugenol. The product
was purified by recrystallizing in ethanol to remove dehy-
droabietylamine and by products. The resulting powdery brown solid
was dried at 65 °C in a vacuum oven. The yield was 77%, and the
melting point was 97 °C. FTIR (KBr, cm−1) is shown in Fig. S1: 2930
(CeH), 2865 (CeH), 1233 (CeOeC), 1158 (CeNeC), 1092 (CeOeC),
938 (CeH). 1H NMR (400MHz, CDCl3, δ, ppm) is shown in Fig. S2:
7.2–6.2 (AreH), 3.8 (eOCH3), 5.9, 5.0 and 3.2 (eCH2eCH]CH), 4.8
(OeCH2eN), 3.7 (AreCH2eN). Mass spectrometry (MS) (m/z) is 473.2
as shown in Fig. S3. (The theoretical molecular weight of D-Bz is 473 g/
mol).

2.2.2. Synthesis of S-Bz
S-Bz (6-allyl-8-methoxy-3-octadecyl-3, 4-dihydro-2H-benzoxazin)

was prepared based on already reported method [43,44]. The reaction
process is shown in Scheme 1. The yield was 87%, and the melting point
was 50 °C. FT-IR (KBr, cm−1) is shown in Fig. S1: 2930 (CeH), 2865
(CeH), 1230 and 1092 (CeOeC), 1154 (CeNeC), 944 (CeH). 1H NMR
(400MHz, CDCl3, δ, ppm) is shown in Fig. S4: 3.8 (eOCH3), 3.2, 5.9
and 5.0 (eCH2eCH]CH), 4.8 (OeCH2eN), 3.9 (AreCH2eN).

2.2.3. Synthesis of F-Bz
F-Bz (6-allyl-3 –(furan-2-ylmethl)-8-methoxy-3, 4-dihydro-2H-ben-

zoxazine) was prepared based on already reported method [43,44]. The
reaction process is shown in Scheme 1. The yield was 93%, and the
melting point was 75 °C. FT-IR (KBr, cm−1) is shown in Fig. S1: 2930
(CeH), 2865 (CeH), 1589, 1003 and 733 (vibrations of the furan ring),
1233 and 1095 (CeOeC), 1146 (CeNeC), 1092 (CeOeC), 943 (CeH).
1H NMR (400MHz, CDCl3, δ, ppm) is shown in Fig. S5: 6.63–6.45
(AreH), 3.8 (eOCH3), 5.9, 5.0 and 3.2 (eCH2eCH]CH), 7.3, 6.8–6.2
(Hydrogen proton on furan ring), 4.8(OeCH2eN), 4.0 (AreCH2eN).

2.3. Preparation of corresponding polybenzoxazines and copolymers

The three benzoxazine monomers, S-Bz, D-Bz, and F-Bz, were mixed
according to a certain molar ratio (Table 1), dissolved in tetra-
hydrofuran (THF) and the solution poured into ceramic models. Then,
the ceramic models were placed into a vacuum drying oven at 80 °C for
24 h to remove the solvent. After that, they were cured in a tube furnace
and the steps were as follows: 100 °C (1 h), 150 °C (1 h), 180 °C (2 h),
200 °C (2 h), and 230 °C (1 h). Thereafter, samples were cooled to room
temperature and the resulting polymers were named PSDF-Bz (Table 1).

2.4. Characterization

FTIR spectra were measured with a Bruker Vector 22 FTIR analyzer.
All samples were finely ground with KBr powder and pressed into a thin
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disk. 1H NMR spectra were recorded with 1H NMR spectrometer
(Bruker, 400MHz) using CDCl3 as the solvent and TMS as the internal
standard. DSC was carried out on an Instruments DSC Model 2920. Both
samples were heated at a rate of 10 °C/min under nitrogen flow of
50mL/min, and an indium standard was used for calibration. The glass
transition temperature (Tg) of polybenzoxazine was studied by DSC.
TGA was carried out on a TA Instrument Model 2050 with a heating
rate of 10 °C/min under nitrogen flow of 40mL/min. The dielectric
properties of polybenzoxazines were analyzed with a Concept 40
Broadband dielectric analyzer at 25 °C. The crosslinking density of
corresponding polybenzoxazines was analyzed with IIC XLDS-15 ana-
lyzer at room temperature. Tafel, electrochemical impedance spectro-
scopy (EIS) and OPCT curves and Tafel plots were studied with an
Electrochemical Workstation CHI 760E. Q235 low-carbon steels
(1 cm×1 cm×0.2 cm) were washed with acetone twice before being
used. All samples were immersed in 3.5% sodium chloride saline for
7 days before electrochemical tests. The morphology of the coated and
uncoated steels were observed by SEM.

3. Results and discussion

3.1. Curing behavior of SDF-Bz

The polymerization behavior of the SDF-Bz resins was studied by
DSC (Fig. S6). The bulky amine moiety does not degrade during the
cure [45,46] and the relevant parameters of the monomer curing pro-
cess are shown in Table 2. The endothermic peaks at 50, 97 and 75 °C

are assigned to the melting points of S-Bz, D-Bz and F-Bz, respectively.
The exothermic peaks demonstrate the ring-opening polymerization of
oxazine rings. The onset ring-opening temperatures of S-Bz and D-Bz
are 193 °C and 198 °C, while the value for F-Bz is 169 °C due to the
electrophilic substitution reaction of furan ring [47].

Fig. S6b displays the curing process of the copolymer. The relevant
data are summarized in Table 2. As the content of F-Bz increases in the
copolymer SDF-Bz, the curing exothermic peak gradually shifts to a
lower temperature.

3.2. Thermal properties of PSDF-Bz

Figs. S7 and S8 display the thermal properties of PSDF-Bz, and
Table 3 summarizes the data. The Tg of PSDF-Bz(0/0/10) has the
highest temperature of 148 °C due to the furan ring in PSDF-Bz(0/0/10)
which increases crosslink density [46]. In addition, hydrogen bonds
formed by oxygen atoms in the furan ring also increase the Tg [48].
PSDF-Bz(10/0/0) contains a long alkyl chain and the molecule is re-
latively soft, which makes the Tg of PSDF-Bz(10/0/0) lower. As the
content of F-Bz increases in the copolymer, the Tg tends to increase. The
Tg of copolymers were also calculated by the FOX formula, as shown in
formula (4) and it was found that the TgFOX were close to the experi-
mental dates [49]. Moreover, only one Tg is found in all copolymers,
which indirectly reflects the good compatibility of the three resins in
the copolymer.

= + +
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w
T
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Scheme 1. Structure of bio-based benzoxazine monomers (D-Bz, S-Bz, F-Bz).

Table 1
The name of the cured resin and its monomer ratio.

Monomer S-Bz D-Bz F-Bz Corresponding polymer

SDF-Bz(10/0/0) 10 0 0 PSDF-Bz(10/0/0)
SDF-Bz(0/10/0) 0 10 0 PSDF-Bz(0/10/0)
SDF-Bz(0/0/10) 0 0 10 PSDF-Bz(0/0/10)
SDF-Bz(4/6/0) 4 6 0 PSDF-Bz(4/6/0)
SDF-Bz(3/6/1) 3 6 1 PSDF-Bz(3/6/1)
SDF-Bz(2/6/2) 2 6 2 PSDF-Bz(2/6/2)
SDF-Bz(1/6/3) 1 6 3 PSDF-Bz(1/6/3)
SDF-Bz(0/6/4) 0 6 4 PSDF-Bz(0/6/4)

Table
2. DSC data of SDF-Bzs.

Name Tm (°C) Tonset (°C) Tmax (°C) Processiing windows (°C)

SDF-Bz(10/0/0) 50 193 221 143
SDF-Bz(0/10/0) 97 198 226 101
SDF-Bz(0/0/10) 75 169 210 94
SDF-Bz(4/6/0) 54/97 194 223 97
SDF-Bz(3/6/1) 53/74/97 187 219 90
SDF-Bz(3/6/2) 53/74/97 182 215 85
SDF-Bz(1/6/3) 53/74/97 183 213 86
SDF-Bz(0/6/4) 74/97 177 212 80
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W1…Wn are the mass percentage of each type of monomers, Tg1…Tgn
are the glass transition temperature of each type of monomer homo-
polymers (the unit is K).

The TGA curves of PSDF-Bzs show that the onset weight-loss of the
polymers and copolymers are beyond 300 °C (Fig. S8); it is associated
with the degradation at the Mannich bridge. The temperatures of 5%
weight-loss (T5) of all copolymers are higher than 300 °C, which means
they all have good thermal stability.

The Limit Oxygen Index (LOI) value of the coating is also an im-
portant indicator of its flame retardancy [50]. LOI values were calcu-
lated from the TGA data using the Van Krevelan and Hofytzerequations
[50]. The formula (5) is as follows:

= +LOI 17.5 0.4CY (5)

Table 3 summarizes the LOI of homopolymers and copolymers. CY
is Carbon Yield. It can be seen that the LOI value increases with the
increase in F-Bz content. The LOI value of all copolymer resins exceeds
30. It is known that most bio-based benzoxazine resins have poor
thermal properties. This result indicates that the PSDF-Bz(0/0/10) may
have greater applications than ordinary bio-based benzoxazine.

3.3. Dielectric properties of polymer and copolymer coatings

Fig. 1 shows the dielectric constant and dielectric loss of PSDF-Bzs.
It has been found that the dielectric constants of all copolymers are
lower than 2.9 when the frequency is greater than 103 Hz, moreover,
they have low dielectric loss. They are much lower than that of other
PBzs, where the dielectric constant is usually in the range of 2.5–4
[51,52]. It is expected that this excellent dielectric property means the
copolymers may have high molar volumes and may have a good effect
on the corrosion resistance of the copolymer, according to formula (1)
[41].

3.4. Static water contact angle (CA)

In order to investigate the surface hydrophobicity, CA

measurements were performed on bare carbon steel and various coated
samples before exposure in a corrosive medium. As shown in Fig. 2,
with the absence of a protective coating, Q235 steel could be readily
attacked by corrosive species due to its hydrophilic surface
(CA=87.5°) and primordial battery system. The PSDF-Bz(10/0/0)
coating shows a higher CA of 109.33°, caused by the hydrogen bonds
and long aliphatic groups in the PSDF-Bz, which results in the low SFE
energy of PSDF-Bz [30,53]. The crosslink network of PSDF-Bz can also
diminish the permeability of water to the metallic substrate [54,55].

It has also been shown that, as the content of F-Bz increases, the CA
values decrease since the PF-Bz has more hydroxyl groups which enable
the membrane surface to bond with more water molecules [16]. Whilst
not as good for anti-corrosion, hydroxyl groups also contribute to the
interfacial adhesion between Q235 and resins, which can prevent the
permeation of water [56,57].

3.5. Water absorption behavior

The water absorption behavior of the PSDF-Bz coatings were studied
in 3.5% NaCl aqueous solution for 20 days. The results are shown in
Fig. 3. On the 10th day, the water absorption of all the samples reached
a saturated state; the saturated water absorption rates were less than
2%. In addition, the water absorptions of most copolymer coatings were
lower than of a homopolymer. Further, it was found that the water
absorbability of the resin slightly changed with the composition of the
copolymer. This result reflects the synergistic effect of resins in the
copolymer [58]. An increase in the furan ring concentration improves
the crosslink density of the coating [59], which could reduce the free
space. Besides this effect, the nature of the material also affects the
water absorption of the material and the long alkyl chain imparts a low
surface energy to the PBz coatings, making it difficult for water mole-
cules to contact the surface of the material. It was found that copolymer
PSDF-Bz(3/6/1) shows the lowest water absorption rate of only 0.988%
after 20 days. Copolymer PSDF-Bz(1/6/3) and PSDF-Bz(2/6/2) also
have low water absorption.

Table 3
Thermal properties and crosslink density of PSDF-Bzs.

Sample T5 (°C) T10 (°C) CY (%) LOI values Tg (°C) TgFOX (°C) Crosslink density (*E−4 mol/ml)

PSDF-Bz (10/0/0) 316 346 24 27.1 101 – 3.617
PSDF-Bz (0/10/0) 341 378 38 32.7 135 – 4.762
PSDF-Bz (0/0/10) 375 405 54 39.1 148 – 5.585
PSDF-Bz (4/6/0) 320 358 32.4 30.46 118 120 4.88
PSDF-Bz (3/6/1) 327 363 35 31.5 123 125 5.038
PSDF-Bz (2/6/2) 348 382 36 31.9 130 130 5.165
PSDF-Bz (1/6/3) 357 388 38 32.7 133 135 5.289
PSDF-Bz (0/6/4) 368 394 41 33.9 137 139 5.433

Fig. 1. Dielectric property of PSDF-Bzs (a) Dielectric Constant (b) Dielectric Loss.
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3.6. Open circuit potential time (OCPT) characterization

The corrosion resistant properties were observed in 3.5 wt% NaCl
aqueous solutions for coated and uncoated Q235 steel using an elec-
trochemical work station. The OCPT, Tafel curve and EIS spectra were

evaluated to study the corrosion resistance of PSDF-Bz coatings. The
open circuit voltages (Eocp), recorded for both coated and uncoated
Q235 steel, were plotted as a function of immersion time. Compared
with Q235 carbon steel without the PSDF-Bz coating, the Eocp value of
coated Q235 carbon steel increased from −1.019 V to −0.7014 V after
100min of immersion time. It can be seen from Fig. 4 that, among the
three homopolybenzoxazine coatings, the Eocp of PSDF-Bz (0/10/0) is
highest after 3500 s immersion and shows only comparatively small
changes over time, suggesting that the PSDF-Bz (0/10/0) has excellent
corrosion resistance [60,61]. Since Eocp is related to CA and water ab-
sorption, despite the initial Eocp of PSDF-Bz (0/0/10) being high, im-
mersion in a 3.5% NaCl aqueous solution for 6000 s reduces Eocp to
−0.7581 V (due to its high water absorption and poor hydrophobicity).
The corresponding microscopic interpretation is that water molecules
can easily enter the metal surface through pores in the coating/sub-
strate, resulting in a decline in Eocp data for later testing. Although
PSDF-Bz(10/0/0) has good hydrophobicity (CA=109.33°) and low
water absorption (1.319%), its Eocp is still lower than the other two
samples. The reason for this phenomenon may be that the long alkyl
chain imparts a lower surface free energy to the material, reducing its
affinity to the metal matrix; therefore, the adhesion between the metal
and the coating of the material is not strong.

Fig. 2. Static water contact angles of Q235 and PBz coatings.

Fig. 3. Water absorption curves of PSDF-Bz at 25 °C.
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As shown in Fig. 4b, copolymer coated Q235 steel has more positive
Eocp values compared to uncoated Q235 steel or homopolymer-coated
Q235 steel, even after 6000 s exposure to 3.5% NaCl aqueous solution.
The Eocp of PSDF-Bz (0/6/4) with higher water absorption and lower
hydrophobicity decreased rapidly with time. Samples with lower water
absorption, such as PSDF-Bz (1/6/3) and PSDF-Bz (2/6/2), show a
larger Eocp, while PSDF-Bz (3/6/1) and PSDF-Bz (4/6/0), which have
better hydrophobicity and low water absorption rates, have a more
negative Eocp. A possible reason for this effect is that the dielectric
coefficient results in an increase in tantalum capacitance and a more
negative Eocp while forming the electrolytic cell. The PSDF-Bz(1/6/3)
coated carbon steel shows high initial and lowest Eocp (−0.4713 V to
−0.4661 V) values, which means it may have higher corrosion re-
sistance.

3.7. Tafel characterization

The Tafel plots obtained by immersing the samples in 3.5% NaCl
aqueous solution are shown in Fig. 5 and Table 4. All electrochemical
tests are averages of 10 samples except extreme data. Corrosion po-
tential (Ecorr) and corrosion current (Icorr) were obtained using the ex-
trapolation method [62,63]. Amore negative Ecorr and larger Icorr
usually correspond to a faster corrosion rate while a more positive Ecorr
and smaller Icorr mean a slower corrosion process [64]. The protection
efficiencies (E%) are calculated using formula (6) [65,66]:

= −E I I c I(%) [( ( ))/ ]*100corr corr corr (6)

E (%) is the metal protection efficiency. Icorr and I c( )corr are the corro-
sion current values in the absence and presence of the coatings, re-
spectively. The corrosion rate and protection efficiency could be cal-
culated from Ecorr and Icorr for quantitative evaluation of the
anticorrosion performance (Table 4). In the case of bare low carbon
steel, the Ecorr is −0.573 V, which is improved to −0.497 V (PSDF-Bz
(10/0/0)), −0.371 V (PSDF-Bz (0/10/0)) and −0.325 V (PSDF-Bz (0/
0/10)) when coated with the cured homopolymer of benzoxazine.
Moreover, the current of anodic polarization curve of the PSDF-Bz
samples showed a significant decrease, which means that the anodic
dissolution process of the metals were delayed due to the benzoxazine
coatings.

It can be seen that the PSDF-Bz(3/6/1), PSDF-Bz(2/6/2) and PSDF-
Bz(1/6/3) have the highest corrosion protection efficiency. The corre-
sponding corrosion resistance E% values are 98.87%, 99.23% and
99.74%, respectively. These data are higher than for homopolymers
(PSDF-Bz(10/0/0), PSDF-Bz(0/10/0) and PSDF-Bz (0/0/10)) due to the
synergistic effect. This result reflects the synergistic effect of the three
components. PSDF-Bz (3/6/1), PSDF-Bz (2/6/2) and PSDF-Bz (1/6/3)
coatings also have low water absorption and excellent dielectric prop-
erties resulting in a small portion of water molecules entering the
polymer network, which hindered the closed circuit of the metal sub-
strate and the power supply electrode [16,67,68]. Besides low water
absorption, PSDF-Bz (1/6/3) has a lower dielectric constant, that is to
say, the number of microcapacitors per unit volume of the coating is
lower and the resulting interface polarization is weaker. Logically, the
PSDF-Bz (1/6/3) coating has the lowest electrochemical corrosion rate

Fig. 4. The OCPT values of coated and uncoated Q235 steels.

Fig. 5. The Tafel curves of coated and uncoated Q235 steels.
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and the highest corrosion resistance efficiency (E% = 99.74%).

3.8. Electrochemical impedance spectra characterization

Generally, electrochemical impedance spectra (EIS) and SEM
images (Fig. 7) of the morphology before and after corrosion are used to
further evaluate and compare the barrier and the anticorrosion ability
of composite coatings in a corrosive medium such as 3.5% NaCl solu-
tion [55,69]. The EIS results were fitted by Z view software based on
different equivalent circuit models to quantitatively assess the perfor-
mance of these coatings.

The relationship between the dielectric constant, water absorption
and EIS results can be analyzed according to formula (3). During the
process of corrosion of a polymer-coated metal, we refer to the time
when the water does not reach the coating/substrate interface. As
shown in formula (3), at this stage, water molecules continuously enter
the coating, and the water absorption of the polymer coating (X %V )

increases, resulting in an increase in C t( ). The penetration of the
electrolyte solution into the coating will reach saturation after a certain
period of time, after which the coating capacitance (Cc) will no longer
increase significantly due to changes in the dielectric constant of the
coating [42]; however, as the electrolyte solution penetrates to the
interface of the coating/substrate and forms a corrosion-reactive mi-
crobattery in the interfacial zone, the measured impedance spectrum
will have two time constants. The time that the impedance spectrum
appears two time constants, while the surface of the coating do not yet
formed macroscopic pores, is called the mid-soaking period.

The evaluation of the performance of the coating by the EIS mea-
surement in the middle of the immersion is extremely important be-
cause the results of the impedance measurements are extremely sensi-
tive to a change in information on coating/substrate interface structure.
Furthermore, the Nyquist plots of uncoated mild steel Q235 were fitted
using an equivalent circuit of R(CR), as presented in Fig. 8a, and then
coated mild steel Q235 in the mid-soaking period of the immersion

Fig. 6. (a) Nyquist plots of coated and uncoated Q235 steels; (b) Bode plots of coated and uncoated Q235 steels.

Table 4
Result of electrochemical corrosion measurement in 3.5% NaCl solution.

Sample Ecorr (V) Icorr (µA/cm2) Corrosion rate (mm/year) Protection efficiency E (%)

Bare metal −0.573 11.600 5.298 * 10−2 –
PSDF-Bz (10/0/0) −0.497 6.472 2.956 * 10−2 44.21
PSDF-Bz (0/10/0) −0.371 1.899 8.733 * 10−3 83.63
PSDF-Bz (0/0/10) −0.325 1.304 5.954 * 10−3 88.96
PSDF-Bz (4/6/0) −0.291 0.807 3.689 * 10−3 93.04
PSDF-Bz (3/6/1) −0.275 0.131 5.984 * 10−5 98.87
PSDF-Bz (2/6/2) −0.189 0.089 4.097 * 10−5 99.23
PSDF-Bz (1/6/3) −0.170 0.030 1.402 * 10−5 99.74
PSDF-Bz (0/6/4) −0.278 0.275 1.255 * 10−4 97.63

Fig. 7. SEM images of (a) Bare steel (b) PSDF-Bz(0/10/0) (c) PSDF-Bz(3/6/1) (d) PSDF-Bz(1/6/3) (e) PSDF-Bz(0/6/4) before immersion and after 7 days immersion
(f), (g), (h), (i), (j).
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were fitted using an equivalent circuit of R(CR)(CR), as presented in
Fig. 8b. In the second model, the electrolyte solution penetrates into the
coating/substrate interface through the microspores on the surface of
the coating and the foaming of the interface region is local, corre-
sponding to the microspores.

Considering the equivalent circuit model proposed for PSDF-Bz
coatings, Rc (coating resistance) and Cc (coating capacitance) are re-
lated to electrolyte/coating interface; Rct and Cdl are also related to the
charge transfer reactions at the electrolyte/substrate interface [70]. The
corresponding parameters derived from the two models are summar-
ized in Table 5. All electrochemical tests are averages of 10 samples
except extreme data.

As shown by Nyquist polt (Fig. 6), The PSDF-Bz(1/6/3) coated steel
sample shows the maximum diameter of the semicircle; the value of Rc

is found to be 5.315 Ω cm2. The value of Rct is the transfer resistance
between the electrolyte and the substrate. In general, the magnitude of
the Rct value reflects the difficulty of charge transfer in the metal ma-
trix. The larger the value of Rct, the better the corrosion resistance of
the coating has. As shown in Table 5, the Rc value of the copolymerized
benzoxazine resin is 1–2 orders of magnitude higher than the coating
resistance of the homopolybenzoxazine resin. A similar phenomenon is
found in the Rct.

This phenomenon is attributed to the synergistic effect of each
component of the copolymer resin. The long alkyl chain in PSDF-Bz(10/
0/0) imparts excellent hydrophobicity to the coating and PSDF-Bz(0/
10/0) improves steady corrosion resistance. Furthermore, the low di-
electric constant inherent with PSDF-Bz(0/0/10) and the high crosslink
density of the furan ring promotes cross-linking. From Table 4 and
Fig. 8, it can be seen that, with a decrease in the dielectric constant of
the copolymer, the interfacial polarization will decrease during elec-
trochemical corrosion. Therefore, PSDF-Bz (1/6/3) displays the best
synergistic effects with a low dielectric constant, low water absorption,
high coating capacitance and coating resistance, which all result in the
best anticorrosion properties among the PSDF-Bz copolymers.

4. Conclusions

In this study, a novel low dielectric and fully bio-based benzoxazine
D-Bz was synthesized and copolymerized with S-Bz and F-Bz. It was
found that, when the ratio of S-Bz:D-Bz:F-Bz was 1:6:3, the copolymer
shows good synergistic effects. It is found that PSDF-Bz(1/6/3) has both
a low curing temperature (183 °C) and a high residual carbon ratio
(38%). Dielectric characterization, CA and water absorption tests show
that PSDF-Bz(1/6/3) has excellent dielectric stability (2.47 at 1000 Hz),
and low hydrophilicity (CA 97.5°) and water absorption (0.98%). In
conclusion, PSDF-Bz(1/6/3)’s electrochemical corrosion resistance tests
show excellent performance values, with corrosion protection efficiency
up to 99.73%.
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