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A new monomer of bi-functional benzoxazine was synthesised using cardanol (C) and p-phenylenediamine (ppda) under
suitable experimental conditions. The curing behaviour of the cardanol-based 1,4-bis(7-pentadecyl-2H-benzo[1,3]oxazin-3
(4H)-yl)benzene (C-ppda) benzoxazine monomer was studied by differential scanning calorimetry analysis, and the
polymerisation temperature (Tp) of C-ppda benzoxazine was found to be 237°C. Further, the benzoxazine monomer was
reinforced with varying weight percentages (5, 10 and 15wt%) of bio-ash derived from Aerva lanata (AL-ash) to obtain
hybrid composites. Thermogravimetric analysis data indicate that AL-ash-reinforced benzoxazine composites possess
excellent thermal stability and a flame-retardant behaviour. The morphology of AL-ash- and cardanol-based benzoxazine
composites was analysed using field emission scanning electron microscopy (FESEM). The FESEM results indicate
homogeneous distribution of AL-ash in the composites. Energy-dispersive X-ray spectroscopy analysis was used to
determine the elemental composition of the AL-ash used for the preparation of composites. The value of the water
contact angle of poly(C-ppda) was found to be 148°. Data obtained from corrosion studies indicate that the mild steel
specimen coated with a benzoxazine matrix and the specimen coated with bio-ash-reinforced benzoxazine composites
exhibit an excellent resistance against corrosion. The bio-ash-reinforced composites of cardanol-based benzoxazine can be
used in the form of sealants, encapsulants, adhesives, coatings and matrices in microelectronics and automobile
applications under high thermal and moist environmental conditions.
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Notation
Cdl coating capacitance
Ecorr corrosion potential
F Faraday constant
Icorr corrosion current density (A/cm2)
M molecular mass of copper
n number of electrons transferred during the corrosion reaction
ndl constant phase element
Rc coating resistance
Rct charge-transfer resistance
Rs solution resistance
Tdmax maximum degradation temperature
Tp polymerisation temperature
Y0,dl admittance of polymer coating and electrolytic solution

interface
ba, bc Tafel constants for anodic and cathodic polarization

regions, respectively
q percentage char yield of materials at 850°C
r density of the mild steel specimen

1. Introduction
Polybenzoxazines are one of the most important and versatile
classes of modified high-performance phenolic thermosetting
polymers;1 they possess good mechanical properties,2 good
thermal properties,3 a low moisture uptake, a high carbon residue,
a good flame-retardant behaviour,4 low surface free energy and
excellent dielectric properties.5–7 These properties make them
useful as sealants in electronic device fabrication,8 adhesives,9

coatings and composites for different industrial and engineering
applications. However, conventional polybenzoxazines (bisphenol
A, bisphenol F etc.) are prepared from petroleum products, which
have some shortcomings such as brittleness and a high
polymerisation temperature. To overcome these drawbacks and to
reduce the consumption of fast-depleting petroleum products,10,11

the development of bio-benzoxazine-based composites with
varying skeletons and high-performance properties is
warranted.12–15

A class of bio-polybenzoxazines16,17 has been proposed using
cardanol (bio-phenol). Cardanol-based benzoxazine resins are in
liquid form due to the presence of a long aliphatic group in the
meta position. Cardanol-based benzoxazine exhibits good storage
stability at room temperature, low heat release, near-zero
shrinkage during curing and a low water uptake, which make
polybenzoxazines more suitable materials for commercial
applications.6,18–21 Bio-fillers (rice husk ash, palm flower carbon)
3

mailto:muthukaruppanalagar@gmail.com
https://doi.org/10.1680/jgrma.22.00020


Green Materials
Volume 12 Issue 1

Flame-retardant and anti-corrosion
behaviour of cardanol-based
polybenzoxazine composites
Muthukumar, Arumugam, Krishnasamy, Muthusamy and
Muthukaruppan

Download
from sustainable sources are considered valuable reinforcement
for bio-benzoxazines for enhancing their thermal, mechanical and
electrical properties to make them suitable for different industrial
applications.22–24 The authors’ research group has developed and
reported earlier some bio-based polybenzoxazine composites for
low-dielectric, oil–water-separation, sound-absorption and
corrosion-resistance applications.25,26

This investigation focuses on the development of bio-benzoxazine
composites from cardanol and a bio-filler (Aerva lanata ash (AL-
ash)). These composites have improved thermal stability, a good
hydrophobic behaviour and enhanced anti-corrosive properties.
Cardanol-based bi-functional benzoxazine was developed with
cardanol, p-phenylenediamine and paraformaldehyde under suitable
experimental conditions. The molecular structure was elucidated using
the Fourier transform infrared (FTIR) and hydrogen-1 (1H) nuclear
magnetic resonance (NMR) spectroscopic techniques. The curing
behaviour of bio-benzoxazine was studied using the differential
scanning calorimetry (DSC) technique. Further, bio-ash was extracted
from the A. lanata plant, which contains around 15% ash content, and
functionalised with 3-glycidoxypropyltrimethoxysilane (GPTMS). It
was used to reinforce cardanol-based 1,4-bis(7-pentadecyl-2H-benzo
[1,3]oxazin-3(4H)-yl)benzene (C-ppda) benzoxazine to obtain
composites. The thermal stability, morphology and hydrophobic
behaviour of the bio-composites were analysed using
thermogravimetric analysis (TGA), field emission scanning electron
microscopy (FESEM) and goniometry, respectively. The corrosion
resistance behaviour was studied using an electrochemical
workstation. Data obtained from different studies indicate that the bio-
composites developed in this work can be used in the form of
insulators, sealants, adhesives, coatings and matrices, the application
of which demands a high-temperature and humid environment for
different engineering applications.

2. Experimental method

2.1 Materials
Cardanol was obtained from Sathya cashew products (Chennai).
Analytical-grade paraformaldehyde was purchased from Sigma-
Aldrich, India, and p-phenylenediamine was purchased from Alfa
Aesar, Mumbai, India. Ethyl acetate was purchased from Thomas
Baker, India. Sodium hydroxide (NaOH) and sodium sulfate
4
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(Na2SO4) were purchased from Merck, Mumbai, India. An A.
lanata plant was collected from the local area (Coimbatore,
India).

2.2 Synthesis of C-ppda
About 5 g (0.04mol) of p-phenylenediamine was mixed with 27.6 g
(0.08mol) of cardanol, and 5.5 g (0.16mol) of paraformaldehyde
was added portion-wise in a 100ml double-necked round-bottomed
flask under constant stirring in the absence of any solvent. Then, the
temperature was raised to 110°C and maintained for more than 4 h
until the completion of formation of benzoxazine. The progress of
the reaction was monitored with thin-layer chromatography (8:2
hexane:ethyl acetate solvent). After completion of the reaction, the
resinous crude product obtained was dissolved in 50ml of ethyl
acetate and washed twice with 2N sodium hydroxide for removal of
unreacted phenolic compound. Further, the organic layer was washed
twice with 100ml of distilled water. Then, the organic phase was
dried over anhydrous sodium sulfate and ethyl acetate was removed
using a rotary evaporator to recover the product. The synthesised
cardanol-based benzoxazine was labelled as C-ppda (Scheme 1).

2.3 Preparation of functionalised AL-ash
The A. lanata flowers and leaves were washed repeatedly with
distilled water and dried at about 60°C overnight. The dried
material was subsequently heated at 600°C for 3 h in a muffle
furnace to obtain AL-ash, which predominantly contained calcium
oxide, magnesium oxide, iron oxide, phosphorus oxide and silica
(SiO2). The prepared AL-ash (bio-ash) was then functionalised
with GPTMS to reinforce benzoxazine. About, 4 ml of GPTMS
was stirred with 95% absolute ethanol and 5% deionised water
and sonicated for 20 min. Subsequently, 10 g of bio-ash was
added, and the resulting mixture was sonicated for another 2 h
and then refluxed for 24 h at 80°C. The obtained product was then
centrifuged and washed with water followed by ethanol and
hexane. The functionalised bio-ash (Scheme 2) was further dried
in hot-air oven at 100°C to remove moisture.27

2.4 Preparation of polybenzoxazine
Thermal ring-opening polymerisation of cardanol-based
benzoxazine was carried out according to a reported procedure
(Scheme 3).28 A typical procedure for polymerisation is as
R R
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Scheme 1. Synthesis of C-ppda
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follows: the amine-based homogeneous benzoxazine monomer
was placed in the oven at 80°C for 8 h for stabilisation and for
removal of moisture and traces of solvent, if any was present.
After stabilisation, the temperature was raised to 240°C at a
heating rate of 20°C/h. The heating was continued for another 3 h
at 240°C for the completion of the curing process. At this
temperature, the monomer underwent ring-opening polymerisation
to form polybenzoxazine with a cross-linked network structure.
The mechanism of polymerisation was confirmed by FTIR
spectroscopy.

2.5 Preparation of bio-composites
The formation of AL-ash-reinforced poly(C-ppda) is presented in
Scheme 4. C-ppda was reinforced with 5, 10 and 15 wt%
GPTMS-functionalised AL-ash separately and stirred for 1 h to
obtain homogeneous blends. The hybrid composites obtained
were cured separately in a similar manner as carried out for the
preparation of neat matrix.

2.6 Characterisation
FTIR spectral measurements were carried out using a Shimadzu
FTIR spectrophotometer. The spectra were recorded in the wave
number range 400–4000 cm−1. Hydrogen-1 NMR spectra were
obtained with a Bruker spectrometer (400MHz) using dimethyl
sulfoxide-d6 as a solvent and tetramethylsilane as an internal
standard. DSC measurements were recorded using a Netzsch STA
449F3 thermal analyser under a nitrogen (N2) gas purge
(60 ml/min) at a scanning rate of 10°C/min. TGA was carried out
from room temperature to 850°C using a Netzsch STA 449F3
thermal analyser with 5 mg of the sample under a nitrogen gas
 [] on [23/07/24]. Copyright © ICE Publishing, all rights reserved.
flow (60 ml/min) at a heating rate of 20°C/min. The morphology
of the matrix and composites was analysed using an FEI Quanta
200F field emission scanning electron microscope. Energy-
dispersive X-ray spectroscopy (EDX) analysis (Hitachi model S-
4800), carried out at 20 keV, was used to confirm the percentage
elemental composition of AL-ash. Water contact angle
measurements were obtained using a Kyowa goniometer with 5 ml
of water as probe liquid. Benzoxazine-coated mild steel (MS)
plates were tested for corrosion protection behaviour on MS
surfaces in 3.5% sodium chloride (NaCl) solution. The corrosion
experiments on MS specimens were carried out using open-circuit
potential (OCP), electrochemical impedance spectroscopy (EIS)
and potentiodynamic polarisation.

3. Results and discussion
Cardanol-based benzoxazine (C-ppda) was prepared through the
condensation reaction of cardanol with an amino compound and
formaldehyde under appropriate reaction conditions as shown in
Scheme 1. Due to the presence of meta-substituted long alkenes/
alkyl (15-carbon) chain groups, the benzoxazine derived from
cardanol existed in liquid form. Consequently, the resulting
benzoxazine possessed improved flexibility and good water
repellence.

3.1 Spectroscopy of cardanol-based benzoxazine
The FTIR spectrum of cardanol-based benzoxazine is presented in
Figure 1(a); the results obtained are presented in Table 1. The
bands appearing at 1238 and 1096 cm−1 were attributed to the
asymmetric and symmetric stretching vibrations of the C–O–C
bond in benzoxazine, respectively.29 The peak appearing at
Ethanol
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1189 cm−1 was obtained due to the asymmetric stretching of
C–N–C. Similarly, the appearance of bands around 918 and
1496 cm−1 corresponded to a trisubstituted benzene ring, which
confirmed the formation of the benzoxazine ring.29,30 The band
appearing around 3009 cm−1 corresponded to the C–H stretching
vibration of the benzene ring. The characteristic absorption peaks
6
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appearing at 2925 and 2853 cm−1 represented respectively the
asymmetric and symmetric stretching vibrations of the CH2 of the
oxazine ring, as well as the alkyl side chain of the cardanol
moiety.25 Additionally, the structure of the benzoxazine
compound was confirmed by hydrogen-1 NMR spectroscopy. The
formation of the benzoxazine ring in C-ppda was confirmed by
5, 10 and 15 wt% AL-ash

+

AL-ash-reinforced poly(C-ppda) composites
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Scheme 4. AL-ash-reinforced polybenzoxazine composites
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the appearance of resonance peaks at around 4.5 parts per million
(ppm) (singlet, 2H, type a signal in Figure 1(b)) for the methylene
group of Ar–CH2–N and around 5.5 ppm (singlet, 2H, type b
signal in Figure 1(b)) for O–CH2–N from hydrogen-1 NMR
spectroscopy (Figure 1(b)).

3.2 Curing behaviour of benzoxazine
The curing behaviour of the synthesised neat C-ppda benzoxazine
monomers, 5, 10 and 15 wt% AL-ash-filled C-ppda, was
examined by DSC analysis and is shown in Figure 2. The
appearance of the exothermic peak of C-ppda benzoxazine
confirmed that the polymerisation proceeded through a
thermal ring-opening mechanism. The curing temperatures
(exotherm maxima) of neat C-ppda and 5, 10 and 15 wt%
AL-ash-reinforced C-ppda were observed to be 239, 229, 225 and
223°C (Figure 2(a)), respectively. The curing temperature of
benzoxazine reduced with an increasing weight percentage of
AL-ash. This migh be the influence of the different types of metal
oxides present in AL-ash. In general, the curing temperature of
 [] on [23/07/24]. Copyright © ICE Publishing, all rights reserved.
bi-functional benzoxazine was lower than that of mono-functional
benzoxazine. The curing temperature of bi-functional benzoxazine
obtained from cardanol and diaminodiphenyl amine was observed
to be 250°C, which was lower than the curing temperature of
mono-functional benzoxazine cardanol–aniline (275°C). Similarly,
the curing temperature of C-ppda bi-functional benzoxazine was
lower than that of cardanol–aniline benzoxazine.31 In addition,
after curing, the samples were checked by DSC analysis, and no
exothermic peak was observed (Figure 2(b)), which ascertained
the complete polymerisation (curing) of benzoxazine.

3.3 Spectroscopy and thermal behaviour of bio-
composites

After the thermal treatment, the chemical structure of cardanol-
based polybenzoxazine poly(C-ppda) was confirmed from FTIR
spectral analysis. The peak appearing at 918 cm−1 (O–CH2–N
stretching) indicated the formation of monomeric benzoxazines,
and it disappeared after thermal curing at 280°C for 3 h for the
samples of poly(C-ppda) and AL-ash-reinforced poly(C-ppda)
Table 1. FTIR interpretation of the neat polybenzoxazine matrix and AL-ash-reinforced poly(C-ppda) composites
Sample
 Functional group assignment
 Wave number: cm−1
 Reference
C-ppda
 Asymmetric and symmetric stretching vibrations of the C–O–C group
 1238 and 1096
 Ishida and Agag29
Asymmetric stretching vibration of the C–N–C group
 1189
 Ishida and Agag29 and
Han et al.30
Stretching vibration of the trisubstituted benzene ring
 918 and 1496
 Ishida and Agag29 and
Han et al.30
Stretching vibration of the C–H group
 3009
 Arumugam et al.25
Asymmetric and symmetric stretching vibrations of the CH2 of the oxazine
ring as well as the alkyl side chain of the cardanol moiety
2925 and 2853
 Arumugam et al.25
Poly(C-ppda)
 –OH of the polybenzoxazine network structure
 3360
 Sriharshitha et al.31
Poly(C-ppda)
composites
Asymmetric stretching and symmetric stretching vibrations of Si–O–Si–
linkages
1080 and 820
 Han et al.30 and
Krishnamoorthy
et al.32
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Figure 2. (a) DSC thermograms of AL-ash-reinforced C-ppda benzoxazine and (b) DSC thermograms of poly(C-ppda) composites
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composites (Figure 3), which confirms the occurrence of complete
ring opening and the formation of a three-dimensional cross-
linking network structure through polymerisation of the
benzoxazine monomer. The broad peak appearing at 3360 cm−1

confirms the –OH of the polybenzoxazine network structure.31

The peaks appearing at 1080 and 820 cm−1 indicate the presence
of Si–O–Si– linkages of asymmetric stretching and symmetric
stretching vibration,30,32 respectively (Table 1) for the AL-ash-
reinforced polybenzoxazine composites.

The thermal degradation behaviour of the cardanol-based
benzoxazine poly(C-ppda) and GPTMS-functionalised AL-ash-
reinforced poly(C-ppda) composites was analysed by TGA
(Figure 4), and the results obtained are presented in Table 2. The
thermal stability of the polybenzoxazine matrix was one of
the important factors to consider in device fabrication to predict
the thermal resistance and flame-retardant behaviour. TGA
provided valuable data with regard to the thermal stability of
materials, the number of impurities or solvents present and the
nature of degradation, which was done by measuring the
weight loss at each instant. For cardanol-based benzoxazine poly
(C-ppda), a 5% weight loss was observed at 335°C. The
maximum degradation took place at 441°C. The percentage char
yield of the samples was obtained at 850°C from Figure 4. A 23%
residual char yield was observed for the poly(C-ppda)
benzoxazine matrix. Poly(C-ppda) had a higher char yield than
cardanol–aniline-based polybenzoxazine (poly(C-a)), due to the
formation of a higher cross-linked network structure contributed
by the bi-functional benzoxazine moiety.29

The values of temperature required for 5% (Td5%) weight loss for the
neat matrix and 5, 10 and 15wt% AL-ash-reinforced poly(C-ppda)
composites were found to be 335, 336, 340 and 341°C, respectively.
8
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Similarly, the maximum degradation temperatures (Tdmax) obtained
for the AL-ash-reinforced poly(C-ppda) composites were 445, 448
and 452°C, respectively. The thermal stability and char yields of
AL-ash-reinforced poly(C-ppda) composites were found to gradually
increase with an increased weight percentage incorporation of the
reinforcement (Table 2). The char yields of 5, 10 and 15wt%
AL-ash-reinforced poly(C-ppda) composite systems were found to be
28, 29 and 32%, respectively. In addition, it was observed when the
TGA results were compared with DSC results, the polymerisation
temperature (curing) decreased, with an increase in thermal stability
with increasing percentage incorporation of AL-ash.

3.4 Flame-retardant behaviour
Polymers having a better flame-retardant behaviour play key roles
in different engineering applications, where high flame retardance
and thermal stability are required. Flame retardants are generally
classified based on their chemical composition, grouped by
whether they contain bromine, chlorine, phosphorus, nitrogen,
boron or mineral fillers. Polybenzoxazine is a nitrogen-rich
polymer that enhances the flame-retardant behaviour. AL-ash also
contains a silica network and metal oxide, which in turn promote
the flame-retardant behaviour. The flame-retardant behaviour of
the cured benzoxazine matrix is ascertained by using the value of
residual char yield obtained from TGA at 850°C. The value of the
limiting oxygen index (LOI) is calculated from the van Krevelen
and Hoftyzer equation (Equation 1),33–36 and the results obtained
are presented in Table 2.
LOI ¼ 17:5 þ 0:4 qð Þ1.

where q is the percentage char yield of materials at 850°C.
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The char yield of the polybenzoxazine matrix, poly(C-ppda), is
found to be in the range of about 20%. The LOI values of the
polymers should be above the threshold value of 26 to render
them self-extinguishing and for suitability for many applications
requiring good flame resistance. The synthesised polybenzoxazine
shows an LOI value close to 26, confirming its good flame-
retardant properties. The obtained LOI value of poly(C-ppda) is
25. This indicates that poly(C-ppda) has a higher LOI value than
mono-functional poly(C-a), due to the formation of a higher
cross-linked network.23,33 The LOIs of AL-ash-reinforced poly(C-
ppda) composites were found to gradually increase with an
increased weight percentage incorporation of reinforcement
(Table 2). The LOI values of 5, 10 and 15 wt% AL-ash-reinforced
 [] on [23/07/24]. Copyright © ICE Publishing, all rights reserved.
poly(C-ppda) composites were found to be 28, 29 and 32%,
respectively.

3.5 Morphology
FESEM images of the AL-ash-reinforced poly(C-ppda)
composites are shown in Figure 5. Figures 5(a) and 5(b) show
the FESEM images of AL-ash particles. The EDX spectra in
Figure 6(a) show the elements present in AL-ash – namely,
oxygen (40%), calcium (9%), magnesium (6%), iron (1%),
phosphorus (2%), silicon (5%) and potassium (13%) – which help
enhance thermal stability and corrosion resistance behaviour. The
15 wt% AL-ash-reinforced poly(C-ppda) composite material was
taken as a representative sample for FESEM (Figure 5) and EDX
Table 2. Thermal behaviour of the neat polybenzoxazine matrix and AL-ash-reinforced poly(C-ppda) composites
Sample
 5% weight loss: °C
 10% weight loss: °C
 Tdmax: °C
 Char yield at 850°C: %
 LOI
AL-ash
 520
 751
 755
 87
 52

Poly(C-ppda)
 335
 361
 441
 23
 27

5 wt% AL-ash + poly(C-ppda)
 336
 365
 445
 26
 28

10 wt% AL-ash + poly(C-ppda)
 340
 366
 448
 28
 29

15 wt% AL-ash + poly(C-ppda)
 341
 370
 452
 33
 32
LOI, limiting oxygen index
(a) (b)

(c) (d)

200 nm

AL-ash

AL-ash

AL-ash

AL-ash

200 nm 100 nm

100 nm

Figure 5. FESEM images of (a, b) AL-ash and (c, d) AL-silica-reinforced poly(C-ppda) composites
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analysis (Figure 6). The AL-ash-reinforced poly(C-ppda)
composite possessed a homogenous morphology, and AL-ash was
dispersed uniformly and in turn provided composites without any
cracking and voids and thus contributed to improved thermal
properties.

3.6 Water contact angle
The values of the water contact angles of neat poly(C-ppda) and
AL-ash-reinforced poly(C-ppda) composites were observed to be
around 148 ± 2°. Figure 7 presents the water contact angle images
of neat polybenzoxazine (poly(C-ppda)) and the AL-ash-
reinforced poly(C-ppda) composites. The lower affinity of the
developed polybenzoxazine matrix indicates its inherent
hydrophobic behaviour. This behaviour mainly arises due to the
meta-substituted long aliphatic chain of the cardanol moiety. The
value of water contact angle obtained is compared with previously
reported values for cardanol-based benzoxazines.33 All values of
the water contact angles of cardanol-based benzoxazine reach
more than 148°. The 15 wt% AL-ash-loaded poly(C-ppda)
composite possesses a higher value of water contact angle than
neat polybenzoxazine and other AL-ash-reinforced poly(C-ppda)
composites.
10
ed by [] on [23/07/24]. Copyright © ICE Publishing, all rights reserved.
3.7 Corrosion resistance
The corrosion protection efficiency of MS specimens coated with
the cardanol-derived benzoxazines and AL-ash-reinforced
composites in 3.5% sodium chloride solution was studied using
OCP, EIS and potentiodynamic polarisation. Among the
polybenzoxazine-composite-coated MS specimens, those coated
with 15 wt% AL-ash-reinforced polybenzoxazine composite
coatings exhibited better protection of MS against corrosion.

EIS was used to assess the corrosion resistance behaviour of neat
polybenzoxazine, poly(C-ppda) and AL-ash-reinforced poly(C-
ppda) composite coatings on MS. Impedance analysis was
performed using MS plates with a 2 cm2 area. After coating, the
specimens were immersed in 3.5% sodium chloride solution for
different time periods. The OCP values were measured. It can be
understood from the values of OCP that the coated specimens
shifted significantly to the anodic direction when compared with
the bare MS specimen. It can also be seen that the OCP values of
the specimens coated with neat polybenzoxazine (poly(C-ppda))
and AL-ash-reinforced poly(C-ppda) composites decreased at a
much slower rate when compared with that of the bare MS
specimen. The OCP shifting to increasingly positive values
indicated the high corrosion resistance of the coatings.37–39

Among the specimens coated with the neat polybenzoxazine
matrix and AL-ash-reinforced polybenzoxazine composites, the
specimen coated with poly(C-ppda) with 15 wt% AL-ash shows a
higher anodic shift of OCP values, which indicates that this
sample is less porous and forms a better adherent film on the
surface of MS than the other specimens, which reduces the
permeability of the corrosion medium into the film, thus
providing higher corrosion protection.40,41
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Nyquist plots were derived from the EIS measurements for
five different MS specimens coated with neat polybenzoxazines
and varying weight percentages of AL-ash-reinforced
polybenzoxazine composites and uncoated MS specimens after
immersion in 3.5% sodium chloride solution for 5 days. The
results obtained are presented in Figure 8. The uncoated MS
specimen exhibits a small capacitive loop, indicating its poor
corrosion-resistance behaviour, whereas specimens coated with
neat poly(C-ppda) and AL-ash-reinforced poly(C-ppda) possess a
single capacitive loop. The EIS data obtained are fitted using the
equivalent circuit model in Figure 9 for comparison.

The equivalent circuit was used to evaluate the data, where Rs is
the solution resistance of the solution between the working
electrode and the counter electrode. Rs values not only depend on
the ionic conductivity of the solution but also depend on the
geometrical area of the electrode. Rs values are not important data
in studying the corrosion behaviour of the film because they do
not yield any information about the coatings. Rct is the charge-
 [] on [23/07/24]. Copyright © ICE Publishing, all rights reserved.
transfer resistance, which is used to measure the resistance of the
electron transfer across the metal–solution interface, which is
inversely proportional to the corrosion rate (CR) of the metal.

Rc is the coating resistance, and Cdl is the coating capacitance.
The calculated values of the corrosion parameters from EIS
measurements are presented in Table 3. The Rct values of the AL-
ash-reinforced polybenzoxazine-coated specimens are higher than
that of the bare MS. Corrosion resistance also increases when a
higher percentage of AL-ash is incorporated into the
polybenzoxazine matrix. Maximum Rc and Rct values are obtained
for the MS specimen coated with polybenzoxazine with 15 wt%
AL-ash. The improved corrosion resistance observed may be due
to the reduction of pores/cavities present in the polybenzoxazine
coating rich in AL-ash.38,42,43 The roughness factor values (n)
continuously decrease with an increasing concentration of AL-ash
into the polybenzoxazine matrix, which also corresponds to the
reduction of pores/cavities on the coated MS surface. Generally,
all the organic coatings are not completely impenetrable for long
time; their barrier properties could weaken when the immersion
time increases because of water/corrosion medium penetration
into the coatings. For bare MS, the corrosion medium has direct
contact with the metal surface, which leads to the generation of
many electroactive sites and the corrosion process starts slowly.
Actually, a corrosion reaction will take place in the presence of
moisture and oxygen.

AL-ash-containing polybenzoxazine coatings prevent the diffusion
of oxygen and aggressive medium into the coatings due to the
highly cross-linked network structure of the polybenzoxazine
matrix and AL-ash-reinforced composite coatings. From the water
contact angle measurements, it can also be understood that all the
samples of AL-ash-reinforced polybenzoxazine composites are
hydrophobic in nature, which could effectively reduce the
wettability of polymer coatings and in turn ultimately reduce
the sorption of water molecules by the coatings. Among the
different coating samples used in the present work – namely,
neat polybenzoxazine matrix and AL-ash-reinforced
polybenzoxazines – poly(C-ppda) with 15 wt% AL-ash offers
better corrosion protection to the MS surface than the other
samples due to efficient interaction with the metal surface, which
in turn forms a strong and firm adherent film resisting the
penetration of water molecules.

Figure 10 shows the Tafel plots of MS specimens coated with
poly(C-ppda) and AL-ash-reinforced poly(C-ppda). The CR was
calculated using Icorr values using the following equation:
CR ¼ MIcorr=rnF2.

where M was the molecular mass of copper (55.85 g/mol); Icorr
was the corrosion current density (A/cm2); F was the Faraday
constant (96 500 A/mol); r was the density of the MS specimen
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(7.85 g/cm3); and n was the number of electrons transferred
during corrosion reaction, which was assumed to be 2.

It was observed from the studies that the Ecorr values of the
specimens coated with AL-ash-reinforced poly(C-ppda) shifted
anodically and a higher anodic shift was observed for specimens
coated with AL-ash-reinforced polybenzoxazine. The
maximum anodic shift was observed for the MS specimen coated
with 15 wt% AL-ash-reinforced poly(ppda). The Icorr values of the
specimens coated with AL-ash-reinforced poly(ppda) were also
lower, which indicated the better corrosion resistance of the coated
specimens (Table 4). These results corresponded to the data
observed in the EIS. The improved corrosion resistance might be
12
ed by [] on [23/07/24]. Copyright © ICE Publishing, all rights reserved.
due to the incorporation of AL-ash into polybenzoxazine, which
suppressed the anodic corrosion reactions.43

Among the composites, the 15 wt% AL-ash-loaded poly(C-ppda)
coating offered better corrosion protection to MS specimens than
the other samples of coatings studied in the present work. The
resulting AL-ash-reinforced poly(C-ppda) showed better
performance than previously reported cardanol-based
benzoxazines.44,45 The anti-corrosion efficiencies of 40% silane-
modified cardanol–triethylenetetramine polybenzoxazine26 and
silica 7 wt% rice husk ash silica-reinforced cardanol–furfuryl
polybenzoxazine27 were 82 and 75%, respectively. It was
ascertained from the present work that the corrosion resistance
efficiency of 15 wt% AL-ash-reinforced poly(C-ppda) was about
95% (Table 4). From the results, it can be concluded that the
AL-ash-reinforced poly(C-ppda) hybrid composites are suitable
for protecting the surfaces of MS specimens from corrosion.

4. Conclusion
Bio-based bi-functional benzoxazine (C-ppda) was synthesised
using cardanol, p-phenylenediamine and paraformaldehyde
through solventless Mannich condensation. The benzoxazine
monomer obtained was reinforced with varying weight
percentages (5, 10 and 15 wt%) of AL-ash derived from A. lanata
to obtain hybrid composites. Among the AL-ash-reinforced hybrid
composites, 15 wt% AL-ash-loaded poly(C-ppda) possessed
excellent thermal stability as well as a hydrophobic behaviour
close to being superhydrophobic. From the corrosion study data,
it was inferred that the MS specimens coated with the bio-based
benzoxazine matrix and AL-ash-reinforced benzoxazine
composites exhibited excellent resistance to corrosion.
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Table 3. Values of corrosion parameters calculated from potentiodynamic polarisation studies for the coated and bare MS specimens in
3.5% sodium chloride solution
Sample
 Rs: W cm2
 Rct: W cm2
 Y0,dl: msn/(W cm2)
 ndl
 Cdl: mF/cm2
Bare steel specimen
 12
 1.24 × 103
 87.82
 0.87
 59.8

Poly(C-ppda)
 24
 8.21 × 103
 3.91
 0.75
 0.6

5wt% AL-ash + poly(C-ppda)
 67
 2.75 × 104
 3.10
 0.81
 1.1

10wt% AL-ash + poly(C-ppda)
 81
 3.62 × 104
 2.41
 0.83
 1.8

15wt% AL-ash + poly(C-ppda)
 39
 4.24 × 104
 0.12
 0.27
 0.8
Bare MS
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Figure 10. Tafel plots of bare MS specimen and specimens coated
with neat polybenzoxazine matrix and AL-ash-reinforced
polybenzoxazine composites in 3.5% sodium chloride solution
Table 4. Corrosion parameters calculated from Tafel studies for the coated and uncoated MS specimens in 3.5% sodium chloride solution
Sample
 Ecorr: mV
 Icorr: mA
 CR: mils/year
 ac: mV/decade
 aa: mV/decade
 Efficiency: %
Bare MS
 −624
 1.61 × 10−5
 6.22 × 10−10
 148.38
 94.41
 0

Poly(C-ppda)
 −494
 3.90 × 10−6
 1.51 × 10−10
 101.11
 101.10
 75.6

5wt% AL-ash + poly(C-ppda)
 −455
 1.75 × 10−6
 6.62 × 10−11
 169.96
 105.26
 89.4

10wt% AL-ash + poly(C-ppda)
 −388
 1.25 × 10−6
 4.86 × 10−11
 120.29
 106.53
 92.2

15wt% AL-ash + poly(C-ppda)
 −312
 7.6 × 10−7
 2.95 × 10−11
 122.91
 107.35
 95.3
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