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Abstract

The present work is to develop and characterise the benzoxazines from cardanol and
bisphenol-F with imdazole core based amine in order to utilize them in the form of (50/50
wt%) blended composites coating for corrosion resistance application. The benzoxazine
blends were reinforced with varying weight percentages of (0.5, 1, 1.5, 2.0 and 2.5 wt%) of
3-glycidoxypropyltrimethoxysilane (GPTMS) fufictionalized zirconium phosphate (ZrP) to
obtain respective composites blended coatingss, The thermal stability of composites were
studied by thermogravimetric analysis#(TGA). In order to ascertain their hydrophobic
behaviour the water contact angle studiestwere carried out and the values obtained for 0.5, 1,
1.5, 2.0 and 2.5 wt% GPTMS funétionalized ZrP reinforced (50/50 wt% of C-ima/BF-ima)
benzoxazines blended composites are 114,116,117,119,120 and 123° respectively. The UV
shielding behaviour of ZrP reinforced polybenzoxazine blended composites material was also
studied by UV-Vis spectroscopic technique and the results obtained infer that these materials
possess good UV shielding behaviour. ZrP reinforced benzoxazine blended composites were
coated on the mild steel specimens and their corrosion resisting behaviour was studied.
Results of Nyquist plot and Tafel plot, ascertain that among the coated specimens, the
specimen coated with 2.5 wt% ZrP reinforced poly(C-ima/BF-ima) blended composites
exhibits highest corrosion resisting efficiency.

Keywords: Cardanol, bisphenol-F, imidazole core based amine, thermal stability, flame
retardant behaviour, zirconium phosphate, water contact angle, UV shielding, corrosion

resistance.



Introduction

The protection of metallic substrates against corrosion is an important issue for industrial and
commercial points of view. One of the convenient methods of approach to minimize the
damage due to corrosion is the use of corrosion inhibitors, which are normally either organic
or inorganic based materials chemical used in very low amounts that efficiently slow down
the rate of corrosion.!'™# Inorganic corrosion inhibitors such as chromate, dichromate and
nitrite based coatings were used for many years to protect mild steel from corrosion.[>~71 The
bio-toxicity of these inhibitors especially, chromate, has limited its applications. Hence, the
development of alternative non-toxic corrosion inhibitors containing hetero atoms like N, O
and S atoms are warranted at present in order to replace toxic inorganic corrosion
inhibitors.[8-10]

In this context, polymeric materials of both naturally occurring and synthetic
materials are considered as perfect replacement of inorganic coating materials for corrosion
application.l''=14 Polymers are obtained from monomers having group of atoms linked to
each other in amount sufficient to provide a set of properties. The importance of polymers is
principally due to its availability, processabilitydandscost effectiveness, in addition to their
inherent stability and multiple active adsomption, centers. The extensively used both
thermoplastic and thermosetting polym€ric coating materials are epoxies, polyacrylates,
polyesters, polyamides, polyimides;y, polyethers, polypropylene, polyurethanes,
polyvinylchloride, polyvinylpyrrolidone, polyaniline and polybenzoxazines, etc.['3-281 Organic
and inorganic additives can also be used to improve the mechanical, thermal, dielectric
barrier, anti-microbial and other surface related properties of coatings.[2°-3?]

Polybenzoxazine matrices!?’! obtained from bio-sources were considered as an eco-
friendly protective coating materials and are used to protect mild steal surfaces from
corrosion.31:321 Polybenzoxazines possess easy processability, cures without release of any
by-products, low shrinkage behavior, molecular flexibility, possess an excellent thermal
stability, chemical resistance, mechanical properties and cost competitive. [20133,34]
Comparatively little attention has been devoted to bio-based polybenzoxazine matrices as
coating and composites.[33-4!l In the recent past, researchers around the world have turned
their focus on bio-based polybenzoxazines to assess their utility in the form of coatings,
matrices and composites towards corrosion resistant applications. Cardanol based
benzoxazines were found to possess good hydrophobic nature because of m-substituted long
aliphatic chain in its molecular structure and in turn contributes to improve hydrophobic film

forming behaviour and other characteristic properties required for coating applications.[#2-46]
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The incorporation of imidazole core into benzoxazine molecular structure is expected to
impart the UV shielding and corrosion resistivity behaviour. The imidazole molecular moiety
contributes to enhance the thermal stability of polybenzoxazines.[*”) Further, the
reinforcement of functionalized GPTMS-ZrP improves both physical and chemical properties
of matrices.[48-30]

In the present work, an attempt has been made to prepare 50/50 wt% blend of C-ima
and BF-ima benzoxazines from obtained from both sustainable natural cardanol and synthetic
bisphenol-F precursors based on the results obtained from previous studies carried out. The
different weight percentages (0.5, 1.0, 1.5, 2.0, and 2.5 wt%) of 3-
glycidoxypropyltrimethoxysilane (GPTMS) functionalized zirconium phosphate (ZrP) were
reinforced with 50/50 wt% of C-ima and BF-ima blended benzoxazines to obtain respective
ZrP reinforced composites. Thermal stability, morphological behaviour and water contact
angle were studied by modern analytical techniques. The varying weight percentages of
GPTMS functionalized ZrP reinforced C-ima and BF-ima composite coatings were coated
over conditioned mild steel specimens and their corre§ion resisting behaviour was studied by
different corrosion measurement techniques. Datas obtdined from different studies are
correlated, discussed and reported.

Experimental

Materials

Cardanol was obtained from Sathya cashew products, Chennai, India. Bisphenol-F was
received from Anabond Limited, Chennai, India. Paraformaldehyde, tetrahydrofuran (THF)
(99%), ethanol and methanol (99.8%), zirconylchloride, anhydrous sodium sulphate,
hydrazine hydrate, ammonium acetate, acetic acid and ortho-phosphoric acid were obtained
from Qualigens, India. (3-glycidyloxypropyl)trimethoxysilane (GPTMS), benzil and 4-nitro
benzaldehyde were purchased from Sigma Aldrich, India. Ethyl acetate and sodium
hydroxide were received from SRL, India.

Synthesis of imidazole based nitro derivative (IMN)

The 2,4,5-trisubstituted imidazole based nitro compound was prepared by Debus-
Radziszewski imidazole synthesis. The mixture of benzil (0.1 mole), 4-nitrobenzaldehyde
and ammonium acetate (0.4 mole) were taken in a round bottomed three necked flask in the
presence of acetic acid medium. Then the mixture was subjected to a continuous stirring with
refluxed condition until the completion of reaction. The progress of the reaction was

monitored through thin layer chromatography (TLC). After the reaction was completed, the



reaction mixture was poured into ice cold water, filtered and washed twice with water then
dried at 60°C for overnight to obtain the product (IMN).*¥! (Scheme 1 and Figure S1).
Synthesis of imidazole based amine (IMA)

The synthesised imidazole based nitro (IMN) compound was reduced using 10% palladium
on activated carbon (10% Pd/C) dispersed in ethanol. The suspension solution was refluxed
with required amount of hydrazine monohydrate which was added slowly into the mixture.
After refluxing for 5 h the reaction mixture was filtered hot to remove Pd/C and the filtrate
will be cooled to precipitate the pure amino derivative (IMA).!*¥] (Scheme 1 Figure S2).
Synthesis of mono functional benzoxazine (C-ima)

The synthesis of cardanol based monofunctional benzoxazine using imidazole core mono
amine (ima) is shown in Scheme 2. 0.2 mole of paraformaldehyde and 0.1 mole of cardanol
were mixed under vigorous stirring then 0.1 mole imidazole core mono amine (ima) also
added separately in the absence of any solvent and the temperature was raised slowly to
110 °C. The stirring was continued until the completion of the reaction monitored using TLC.
Then, the resulted product was poured into 2N sodiuwm hydroxide solution in order to remove
an unreacted phenol and then extracted with chlefoform solvent. The separated organic layer
was dried over an anhydrous sodium sulphate*and filtered. Finally the solvent was removed
under reduced pressure to obtain the product (Caima) (Figure S3).[48]

Synthesis of bi-functionalbenzoxazine(BE-ima)

0.1 mole of bisphenol-F, 0.2 mole%ef IMA and 0.4 mole of paraformaldehyde were placed
into a 250 ml three necked round bottomed flask equipped with magnetic stirrer, thermometer
and reflux condenser. The reaction mixture was heated under stirring at 100 °C for 5 h. The
obtained reaction product was diluted by the addition (Scheme 3) of ethyl acetate and
thoroughly washed with distilled water using a separating funnel. Then the organic phase
obtained was collected and dried with anhydrous sodium sulphate and filtered. The solvent
left in the product was removed under vacuum to collect the product (BF-ima) (Figure S4).48]
Preparation of zirconium phosphate (ZrP)

One equivalent of zirconyl chloride (ZrOCl..8H20) was mixed with 10 equivalents volume of
ortho phosphoric acid (12.0 M H3PO4) and sealed into a Teflon-lined autoclave pressure
vessel and heated at 200 °C for 24 h and then cooled. Once, the autoclave reached to room
temperature, the resulted white precipitate of ZrP was separated by centrifugation and the

precipitate obtained was repeatedly washed with deionized water for three times and filtered.



Then the sample was dried in an oven at 70°C for an overnight and ground into fine powder
for further use.[43:464]

Preparation of silane functionalization of ZrP

The silane coupling agent viz., (3-glycidyloxypropyl)trimethoxysilane (GPTMS) was used to
functionalize ZrP to facilitate the formation of three dimensional cross-linked network
structure with benzoxazine moiety during curing. 4 ml of silane derivative was mixed with
95% absolute ethanol and 5% deionized water and the resulting solution was sonicated for
15 min. The pH of the solvent was initially adjusted to 4.5 using acetic acid and subsequently
sonicated for 60min. in order to ensure the complete hydrolysis of silane derivative
(GPTMS). Then 10 g of synthesized ZrP was added and the resulting mixture was again
sonicated for 2 h. Then the product obtained was refluxed for 24 h at 80 °C and centrifuged
with the addition of water followed by ethanol and hexane. The ZrP functionalized with
silane derivative was further dried in hot air oven at 100 °C in order to remove the moisture
and labelled as functionalized ZrP (Scheme 4).

Preparation of the coatings

The required numbers of uniform size mild steeldMS) plates having the size of 2 cm x 1 cm
were first thoroughly polished using emery{papertand cleaned using acetone solvent and
dried. Then these plates were placed op’the horizontal table. A certain volume of blend of
reinforced composite coatings was dreppéd on the mild steel plate separately and it was dried
at the room temperature for 5 h thenthe €oated specimens were cured in an air oven at 200 °C
for 3 h.

Preparation of poly(C-ima/BF-ima) matrix coated MS plate

The blend of benzoxazine monomers C-ima 50 wt% and BF-ima 50 wt% were dissolved in
THF solvent and subjected to overnight agitation. Then the resulted homogenous blend was
coated on MS plate and left to evaporate slowly at 50°C for 1 h. Then the temperature was
raised to 200 °C for 3 h (Scheme 5).

Preparation of ZrP reinforced poly(C-ima/BF-ima) composites coated MS plate

0.5, 1.0, 1.5, 2.0 and 2.5 wt% of silane functionalized zirconium phosphate was added into
the THF solution containing blend of benzoxazines respectively and subjected to overnight
agitation. Then the resulted homogenous blend was transferred into the respective silane
coated glass plates and left to evaporate slowly at 50°C for 8h. Subsequently cured at 200 °C

for 3 h each until the formation of the light brown coloured thin composite films (Scheme 6).



Characterization

FTIR spectra measurements were carried out with Agilent Cary 630 FTIR Spectrometer.
"H-NMR spectra were obtained with Bruker (400 MHz) using dimethylsulfoxide (ds-DMSO)
as a solvent and tetramethylsilane (TMS) as an internal standard. DSC measurements were
recorded using NETZSCH STA 449F3 under N, purge (60 mLmin™') at scanning rate of
10°C min’!. Thermogravimetric analysis (TGA) was carried out from room temperature to
850°C using NETZSCH STA 449F3 with 5 mg of sample under N» flow (60 mL min') at
heating rate of 20°C min™!.The morphology of the blended matrices and composites were
analysed from an FEI QUANTA 200F high-resolution scanning electron microscope
(HRSEM). Contact angle measurements were obtained using a Kyowa goniometer with Sul
of water as probe liquid. The benzoxazines coated mild steel plates were tested for their
corrosion protection behavior on mild steel in 3.5% sodium chloride solution. The corrosion
experiments on mild steel specimens were carried out using open-circuit potential (OCP),
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarisation. UV
shielding of behaviour of benzoxazine blended comp®sites coating materials was studied by
JASCO UV DRS V-750, USA.

Results and discussion

Cardanol and bisphenol-F based benzexazines were prepared by Mannich condensation
reaction separately with imidazole core,amine and para-formaldehyde as shown in Schemes 1
and 2 respectively. After appropriate work-up, the obtained products of benzoxazines were
isolated and characterized. The detailed molecular structure characterization and curing
behaviour of benzoxazines were discussed in our previous work.[*8] Based on the results
obtained from previous work, 50 wt% of C-ima and 50 wt% BF-ima blend was prepared and
studied in the present work. In the present study, it was observed that polybenzoxazines and
ZrP reinforced blended benzoxazine composites possess better hydrophobic nature, due to the
presence of side alkyl chain and heterocyclic core in their chemical structure. Further, it was
also observed that the results obtained for polybenzoxazines blended composites possess an
improved thermal stability, water repellency, better corrosion resistant properties and UV
shielding behaviour (Figure 1).1]

The molecular structure of synthesized benzoxazine monomers (C-ima and BF-ima)
were ascertained using FTIR spectral studies (Figure S5). The appearance of bands at
1215 cm! and 1088 c¢m™ correspond to C-O-C asymmetric stretching and symmetric
stretching respectively and 916 cm™ represents C-H group (out of plane), which confirms the

presence of benzene ring attached to a heterocyclic moiety. Similarly, the appearance of
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absorption band at 1514 c¢cm™! corresponds to aromatic in-plane vibration of disubstituted
benzene, which also confirms the formation of benzoxazine monomers. The presence of C=N
in the imidazole ring was also confirmed through the appearance of band at 1600 cm'.[38]
The 'H-NMR spectral studies also supports the proposed benzoxazine structure; it shows two
typical singlet signals respectively at around 5.5 ppm represents (O-CH»-N) hydrogen atoms
of the nitrogen and oxygen bonded methylene groups and around 4.8 ppm(Ar-CHz-N)
represents hydrogen atoms of the nitrogen and aryl bonded methylene groups.[#®!

The FTIR spectra of the synthesised ZrP and GPTMS functionalised F-ZrP are
presented in Figure S6. For the ZrP spectrum, the peak at 1250 cm™! belongs to the out-of-
plane bending vibration of P-OH. The strong absorption peak appeared at 1029 cm™' is the
stretching vibration peak of -PO4 group. The FTIR spectra of prepared ZrP are consistent
with that of the standard ZrP FTIR spectra reported[39]. For the GPTMS functionalised ZrP
spectra. The strong characteristic peaks which emerge near 3000-2850 cm™! are symmetrical
and asymmetric stretching vibration peaks of methylene. Si-C characteristic absorption peaks
are observed at 1253 c¢m™. The oxirane ring strefehing vibration is merged with ZrP
belonging peaks at ~950 ¢m™!, also a new band appeared fiear 1730 cm™! for C=0 stretching
that could be associated with the cleavage of‘the epoxide ring. The peak observed at 1155
cm’!' confirms the presence of P-O-Si ingh&sample. Compared with the ZrP infrared spectra,
these newly emerged peaks indicatesthat'the GPTMS molecules are successfully attached to
the ZrP crystal surface. The GPTMS does not insert into the ZrP crystal layer which still
maintains a stable layered structure, and it only modifies the surface and the edge of the
crystal (Figure S6).

Further, polymerisation process of benzoxazines proceeds with the ring opening of
benzoxazine monomer and polymerization behavior of C-ima and BF-ima monomers were
studied through DSC analysis at the heating rate of 10°C min-'under nitrogen atmosphere.
The curing of C-ima monofunctional benzoxazine monomer was observed at 218 °C,
whereas, that of BF-ima bifunctional benzoxazine monomer cures at 202°C. The thermal
polymerization (T,) behavior of C-ima and BF-ima benzoxazine blends with 50/50 wt% was
also observed through DSC analysis. The exothermic peaks (polymerization temperature, Tp)
observed in DSC thermograms for the blend such as C-ima/BF-ima is appeared at 202 °C.
Further, the curing of blends were also ascertained from the FTIR analysis, the absence of
bands at 1215 cm™!, 1088 ¢cm™ and 929 c¢cm™ after curing confirm the occurrence of ring

opening reaction of blended benzoxazine monomers. The reactive methylene group abstracts



an ortho hydrogen present in the neighbouring oxazine ring and initiates the polymerization
reaction (Figure S7 and S8).[40120]
Thermal behavior
The thermal properties of cured benzoxazines and blends of poly(C-ima) and poly(BF-ima)
were studied using TGA analysis under an inert condition and the data obtained are presented
in Table 1. There was no weight loss observed below 150 °C which suggests that there are no
volatiles and moisture present in the samples. The decomposition maxima (Tmax) for
poly(C-ima), poly(BF-ima) and poly(50 wt% C-ima / 50 wt% BF-ima) were observed at 453,
491 and 468 °C, respectively. The residual char yield obtained at 850 °C for poly(C-ima),
poly(BF-ima) and poly(50 wt% C-ima / 50 wt% BF-ima) are 23%, 61% and 45%
respectively.

The thermal stability of polybenzoxazine and its composites were also studied using
TGA at the heating rate of 20 °C per minute in nitrogen atmosphere and the results obtained
are presented in Figure 2 and Table 2. It was noticed that the thermal degradation temperature
and percentage char yield of 0.5, 1.0, 1.5, 2.0 and 2.5"wt% ZrP reinforced polybenzoxazines
blended composites are increased with incredsing the weight percentage of silane
functionalized ZrP. This may be explained dure,to the retardation effect of heat transfer and
thereby contributes to an enhanced thesmal stability to the hybrid blend of ZrP reinforced
nanocomposites. The presence of.hetefocyclic imidazole core also contributes to higher
thermal stability, which in turn facilitates the higher volume of char upon heating. Further,
the presence of ZrP retards the decomposition of carbonaceous mass, which in-turn results
high residual mass of carbon and ZrP even at high temperature.
Flame Retardant behavior
The flame retardant behavior of the materials can be ascertained from the value of limiting
oxygen index (LOI) calculated using char yield obtained from thermogravimetric analysis.
The value of LOI is calculated using van Krevelen and Hoftyzer relation.[>!-3]
LOI = 17.5 + 0.4 CR. The percentage char yield (CR) of the sample obtained from TGA
analysis at 850 °C is presented in Table 2. It is well known that the polymeric materials with
LOI values greater than 26 possess flame retardant behaviour and are considered for flame
retardant applications. The LOI value of blend of poly(C-ima / BF-ima) possesses a high char
yield value of 44%. The polybenzoxazines blended composites offer the higher char residue
and thereby enhances the value of LOI. The value of LOI increases with increase in ZrP

content and it was observed that 2.5 wt% of ZrP reinforced composites possesses the highest



LOI value of 37.9. The results obtained in the present study are higher when compared with
those reported earlier for cardanol-based benzoxazines.[*!]

Morphological studies

The surface behaviour of the ZrP and DGEBA functionalised ZrP were studied with SEM
images (Figure 3). Neat poly(C-ima / BF-ima) blended matrix, 0.5 wt%, 1 wt%, 1.5 wt% and
2.5 wt% ZrP reinforced poly(C-ima / BF-ima) composites were taken for SEM analysis and
the results obtained are presented in Figure 4. ZrP reinforced benzoxazine matrices exhibit a
homogenous morphology without any cracking and voids. During the increase of
concentration of ZrP in benzoxazine hybrid composites, the rigidity of the benzoxazine
composites also increased, which has proved by fractured structure of composites. ZrP
reinforcement influences the formation of covalent bonds with benzoxazine matrices and led
to occur the inter-cross linked network, which in-turn contributes to develop smooth surfaces.
The data obtained from SEM studies infer that there was an effective formation of hybrid
network structure between the components of blended benzoxazine matrix and silane
functionalized ZrP.

Contact angle

The value of water contact angle and images of neat blend of poly(C-ima / BF-ima),
0.5 wt %, 1.0 wt % 1.5 wt%, 2.0 wt % and.2.5 wt % ZrP reinforced poly(C-ima / BF-ima)
blended hybrid composites are given inyFigure 5. The values of water contact angle obtained
for 0.5, 1, 1.5, 2.0 and 2.5 wt% GPTMS functionalized ZrP reinforced (50 wt% / 50 wt% of
C-ima / BF-ima) benzoxazines blended composites are 114, 116, 117, 119, 120 and 123°
respectively. It is inferred from the values of water contact angle that all the samples exhibit
hydrophobic behaviour and this may be explained due to the presence of the long aliphatic
chain of cardanol moiety and nitrogen rich imidazole core. In addition, the intra-molecular
hydrogen bonding results in enhanced water contact angle. Consequently, the developed
polybenzoxazine composite matrix possesses a reduced surface free energy and enhanced
hydrophobic behaviour suggest that these materials can be used as an effective insulation
material under humid environments.
Corrosion studies
The measurement of corrosion protecting efficiency of the mild steel specimens were carried
out using open-circuit potential (OCP), electrochemical impedance spectroscopy and
potentiodynamic polarisation. The varying weight percentages (0.5, 1, 1.5, 2.0 and 2.5 wt%)

of silane functionalized ZrP reinforced polybenzoxazine blended composites were used for



protection of surfaces of mild steel (MS) from corrosion. Results obtained from corrosion
studies infer that the blend of polybenzoxazines reinforced with 2.5 wt% silane
functionalized ZrP coated on mild steel specimen possess the higher protection than that of
other wt% of ZrP reinforced composites coated mild steel specimens due to improved
hydrophobic behaviour.

Corrosion studies using OCP measurements

The plot is drawn between the open circuit potential (OCP) values and the time of immersion
and is presented in Figure 6. From the Figure 6, it is ascertained that the OCP values of the
coated specimens are shifted significantly to the anodic direction when compared with that of
bare mild steel specimen. It can also be seen that the OCP values of ZrP reinforced
poly(C-ima / BF-ima) composites coated specimens are decreased much slower rate when
compared to that of the bare mild steel specimen. The increase in values of OCP shift toward
positive direction indicated that the high corrosion resistance offered by the blend of
benzoxazine coatings.’’*°1 Among the GPTMS functionalized ZrP reinforced poly(C-
ima/BF-ima) composites (0.5-2.5 wt%) coated specimens studied, poly(C-ima / BF-ima) with
2.5 wt% ZrP offers higher anodic shift of OCP#values which indicates that this composite
coatings form highly impervious and strongfadherent film formed on the surface which in-
turn prevents the permeability of the cors6sion medium. 5260l

Nyquist plots derived from the FIS measurements for benzoxazines blended coating
samples with varying weight percentages (0.5, 1, 1.5, 2.0 and 2.5) of ZrP and uncoated mild
steel specimens after immersion in 3.5% NaCl solution for 5 days are presented in Figure 7
and Table 3. The uncoated mild steel (MS) specimen exhibits a small capacitive loop
indicating that the poor corrosion resistance. The ZrP reinforced benzoxazines blended hybrid
coating specimens offer a single capacitive loop. The fitting of all EIS data was done using
the equivalent circuit model (Figure 8).

This equivalent circuit is used to evaluate the data, where R; is the solution resistance
of the solution between the working electrode and the counter electrode. Rs values are not
only depending on the ionic conductivity of the solution but also depending on the
geometrical area of the electrode. Rs values are not an important data while studying the
corrosion resisting behaviour of the film because it does not yield any information about the
coatings. R is the charge transfer resistance which are used to measure the resistance of the
electron transfer across the metal-solution interface, which is inversely proportional to the
corrosion rate of the metal. Q. is the double layer capacitance, R. is the coating resistance and

Ca is the coating capacitance. The calculated values of the corrosion parameters from EIS
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measurements are presented in Table 3. R¢ values of the ZrP incorporated polybenzoxazines
blended coated specimens are higher than that of the bare mild steel (MS) specimen.
Corrosion resistance is also increased when ZrP concentration in the coating system was
increased in the benzoxazines blended composites. The maximum R and R values are
obtained for the composites coating with 2.5 wt% ZrP coated on mild steel specimen. The
improved corrosion resisting behaviour may be due to the reduction of pores/cavities present
in the polymer coating which could be occupied by ZrP.[®1-¢4] The roughness factor values (n)
are continuously decreasing while increasing the weight percentage of ZrP into the
benzoxazines blended composites, which also corroborates the reduction of pores/cavities in
the coated films on the steel surface. It is well known that, all the organic coatings are not
completely impenetrable for long time, their barrier properties could decrease when
immersion time increases because of the water/corrosion medium penetration into the
coatings. For bare mild steel (MS) specimen, the corrosion medium had a direct contact with
the metal surface which led to the generation of many electro-active sites and corrosion will
take place freely. Actually, corrosion reaction will takés,place in the presence of moisture and
oxygen. ZrP containing polymer coatings preveft the diffusion of oxygen because of the
polymer matrix with three dimensional{“erossslinked network structure with ZrP
reinforcement. From the contact angle sficasurement, it can also be understood that, all the
ZrP containing coatings are hydrophobic in nature, which could effectively reduce the
wettability of bezoxazines blendedtcoatings, which ultimately reduces the sorption of water
molecules on the coatings. Among the varying weight percentages of ZrP reinforced
polybenzoxazine hybrid coatings used in the work, polybenzoxazine hybrid coating matrix
with 2.5 wt% ZrP offers a better corrosion resistance behaviour than other wt% concentration
of ZrP which is due to the efficient interaction occurred between the coating and the metal
surface which in turn forms a strong binding film on the metal surface.

Figure 9 and Table 4, presents the Tafel plots of ZrP reinforced poly(C-ima/BF-ima)
coated MS specimens. The corrosion rate (CR) was calculated using Icorr values with the help
of the following equation,

CR = Mo /pnF

Where M is the molecular mass of copper (58.69 g mole™), leorr is the corrosion
current density (A ¢cm), F is the Faradays constant (96500 A s mole™), p is the density of the
mild steel specimen (7.85 g cm™), and the number of electrons transferred during corrosion

reaction is assumed to be 2.
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The Ecorr values of the ZrP reinforced polybenzoxazine coated MS specimens shifted
anodically. The more anodic shift was observed for ZrP reinforced polybenzoxazine coated
specimens. Maximum anodic shift was observed for polybenzoxazine coated mild steel
specimen with 2.5 wt% ZrP. The lcor values of ZrP reinforced polybenzoxazine coated
specimens are also reduced indicating that the corrosion resistance of the coated specimens
were improved after coating. These values corroborate the results observed from the EIS
studies. The improved corrosion resistance arises from reinforcement of GPTMS
functionalized ZrP and in-turn suppressed the anodic corrosion reactions.[®®) The
polybenzoxazine blended matrix reinforced with 2.5 wt% ZrP coating shows better corrosion
resistant behaviour than that of other samples of polybenzoxazines blend with different wt%
of ZrP. Comparatively the prepared benzoxazine composites have better corrosion resistant
behaviour than other benzoxazine coatings.*"]

UV shielding ability of composites

The transmission spectra in the UV—Vis region (200-850 nm) for neat poly(C-ima/BF-ima)
matrix and poly(C-ima/BF-ima) blends with 0.5, 140, 1.5, 2.0 and 2.5 wt% of ZrP are
presented in Figure 10. The transmittance of th€ cemposites is strongly decreased as the
content of the silane functionalized ZrP incredsed, From these results (Figure 10), it is evident
that the presence of even a small percentadgejincorporation of ZrP influences to an appreciable
extent of UV shielding behaviour, which,can be attributed either to the obtained structural
phase or to the presence of distributed reinforcement ZrP. However, the poly(C-ima /BF-ima)
blended matrix also contributes to the significant percentage reduction of transmittance in the
visible range due to their inherent chemical nature.>"]

Conclusion

The varying weight percentages (0.5, 1, 1.5, 2.0 and 2.5 wt%) of functionalised ZrP was
reinforced with blended50/50wt% of benzoxazine (C-ima and BF-ima) monomers to obtain
benzoxazine composite hybrid coatings. Thermal stability, morphology, UV shielding and
water contact angle behaviour were studied using modern analytical techniques. Data
obtained from thermal studies infer that these materials possess an excellent thermal stability
with good flame retardancy. Results obtained from UV shielding studies infer that the ZrP
reinforced polybenzoxazines possess good UV shielding behaviour according to the wt% of
ZrP. Water contact angle studies ascertain that both the benzoxazine matrix and ZrP
reinforced composite coatings exhibit hydrophobic character. Results from corrosion studies,
showed that both the neat blended benzoxazine matrix and ZrP reinforced benzoxazine

composite coatings exhibit good corrosion resisting behaviour according to the weight
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percentage incorporation of ZrP reinforcement. However, among the coated specimens
studied, the specimen coated with 2.5 wt% ZrP reinforced poly(C-ima/BF-ima) exhibits the
highest corrosion resisting efficiency due to its formation of efficient adherent film and
consequent water repellent character. Imidazole core benzoxazine also helps to improve the
corrosion resistant and hydrophobic behaviors. Furthermore, ZrP reinforced nitrogen rich
benzoxazine matrix also contributes to improve the flame retardant behavior.

Data resulted from different studies, it is concluded that the ZrP reinforced
polybenzoxazine composite hybrid coatings can be used as a cost competitive and sustainable
bio-composite hybrid coatings for the protection of mild steel surfaces from corrosion under
adverse environmental conditions.
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Scheme Captions

Scheme 1. Synthesis of 2,4,5-trisubstituted imidazole based amine (IMA) derivative
Scheme 2. Synthesis of C-ima benzoxazine monomer

Scheme 3. Synthesis of BF-ima benzoxazine monomer

Scheme 4. Preparation of Silane Functionalization of ZrP

Scheme 5. Synthesis of poly(C-ima/BF-ima) benzoxazines blended matrix

Scheme 6. Preparation of ZrP reinforced poly(C-ima/BF-ima) benzoxazines blended

composites

Figure Captions

Figure 1. Benzoxazine coating on MS plate for hydrophobic, flame retardant and

corrosion protection application.

Figure 2. TGA thermogram of ZrP reinforced polybenzoxazine blended composites

Figure 3. SEM micrographs of (a) ZrP, (b) GPTMS functionalised ZrP.

Figure 4. SEM micrographs of (a) neat blend of poly(€-ima/BF-ima), (b) 0.5 wt %, (c) 1.0
wt % (d)1.5 wt%, (e) 2.0 wt % and (f) 2.5 wt % “rPseinforced poly(C-ima/BF-ima) blended
composites

Figure 5. The water contact angle of (a) neat blend of poly(C-ima/BF-ima), (b) 0.5 wt %, (c)
1.0 wt % (d)1.5 wt%, (e) 2.0 wt % and (f) 2.5 wt % ZrP reinforced poly(C-ima/BF-ima)
blended composites.

Figure 6. Plot of EocpVs time in 3.5% of NaCl solution for (a) bare mild steel specimen (b)
neat matrix, (c) 0.5 wt%, (d) 1.0 wt%, (e) 1.5 wt%, (f) 2.0 wt% and (g)2.5wt% ZrP reinforced
poly(C-ima/BF-ima)

Figure 7. EIS response of bare MS and ZrP reinforced poly(C-ima/BF-ima) benzoxazine
blended composites coated specimen in 3.5% NaCl solution

Figure 8. The equivalent circuit used for impedance analysis

Figure 9. Tafel plots of bare MS and ZrP reinforced polymer composites coated specimens in
3.5% NaCl solution

Figure 10. UV transmittance spectra of neat poly(C-ima/BF-ima) matrix and ZrP reinforced

poly(C-ima/BF-ima) composites
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Table Captions

Table 1.Thermal behavior of neat benzoxazines matrices

Table 2. Thermal properties and water contact angle values of ZrP reinforced
polybenzoxazine blended composites

Table 3. Corrosion parameters of the coated and bare mild steel specimens in 3.5 % NaCl
solution calculated from potentiodynamic polarisation studies

Table 4. The values of the corrosion parameters of the coated and uncoated mild steel

specimens in 3.5 % NaCl solution calculated from Tafel studies
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Schemes and Figures
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Figure 1. Benzoxazine coating on MS plate for hydrophobic, flame retardant and

corrosion protection application.
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Figure 2. TGA thermogram of ZrP reinforced polybenzoxazine blended

composites
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Figure 4. SEM micrographs of (a):eat blend of poly(C-ima/BF-ima), (b) 0.5 wt %, (¢)
1.0 wt % (d)1.5 wt%, (e) 2.0 wt % and (f) 2.5 wt % ZrP reinforced poly(C-ima/BF-ima)

blended composites.
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Figure 5. The water contact angle of (a) neat blend of poly(C-ima/BF-ima), (b) 0.5 wt %,
(c) 1.0 wt % (d)1.5 wt%, (e) 2.0 wt % and (f) 2.5 wt % ZrP reinforced poly(C-ima/BF-

ima) blended composites.
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Figure 6. Plot of EocpVs time in 3.5% of NaCl solution for (a) bare mild steel specimen
(b) neat matrix, (c) 0.5 wt%, (d) 1.0 wt%, (e) 1.5 wt%, () 2.0 wt% and (g)2.5wt% ZrP
reinforced poly(C-ima/BE-ima).
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Figure 7. EIS response of bare MS and ZrP reinforced poly(C-ima/BF-ima)
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Figure 8. The equivalent circuit used for impedance analysis
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Figure 9. Tafel plots of bare MS and ZrP reinforced polymer composites coated

specimens in 3.5% NaCl solution
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Figure 10. UV transmittance spectra of neat poly(C-ima/BF-ima) matrix and ZrP

reinforced poly(C-ima/BF-ima) composites
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Tables

Table 1.Thermal behavior of neat benzoxazines matrices

Thermal behaviour

Tp 10% weight Tmax Char yield LOI

Neat Matrices

C) loss °C)  at850°C
°O) (%)
Poly(C-ima ) 218 383 453 23 267
Poly(BF-ima ) 202 442 491 61 41.9
a)
Poly(30 wt% C-ima/ 202 412 468 45 355

50 wt% BF-ima )

Table 2. Thermal properties and water contact angle values of ZrP reinforced

polybenzoxazine blended composites

Thermal stability

Contact
Sample 10% weight Char yield %  LOI
Ta(CG) angle (0)
loss (°C) at 850°C
Poly(C-ima/BF-ima) 412 468 45 35.5 114
0.5 wt% ZrP+
412 468 46 35.9 116
poly(C-ima/BF-ima)
1.0 wt% ZrP+
413 470 47 36.3 117
poly(C-ima/BF-ima)
1.5 wt% ZrP+
416 470 48 36.7 119
poly(C-ima/BF-ima)
2.0 wt% ZrP+
418 471 49 37.1 120
poly(C-ima/BF-ima)
2.5 wt% ZrP+
419 471 51 37.9 123

Poly(C-ima/BF-ima)
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Table 3. Corrosion parameters of the coated and bare mild steel specimens in 3.5 %

NaCl solution calculated from potentiodynamic polarisation studies

R CPEc Re CPEdl Ret /
s 2
Samples Qem?)  (Fs™) n c(:;?) Fsy " ke em
Bare MS 6.34 05.75xe? 0.878 1.3 11.64 xe3 0.727 29
Poly(C-ima/BF-ima)  07.81 11.30xe?  0.721 1.7 02.26 xe? 0.739 80
0.5 wt% ZrP+ 02.40 01.50x e 0.775 11.11  01.03xe? 0.781 85
poly(C-ima/BF-ima)

1.0 wt% ZrP+ 09.09 03.40xe* 0.769 2845  08.03xe? 0.777 87
Poly(C-ima/BF-ima)

1.5 wt% ZrP+ 09.23 02.04xe* 0.776 3488 07.90xe* 0.735 88
Poly(C-ima/BF-ima)

2.0 wt% ZrP+ 09.40 15.04xe* 0.775 49.22 0270 xe* 0.725 271
Poly(C-ima/BF-ima)

2.5 wt% ZrP+ 10.21 03.90xe* 0.701 7191  02.58xe” 0.721 565

Poly(C-ima/BF-ima)

Table 4. The values of the corrosion parameters of the coated and uncoated mild steel

specimens in 3.5 % NaCl solution calculated from'Tafel studies

Sample name Ecorr(mV) Feorr(nA) CR Efficiency
mm year! n (%)

Bare MS =809 1250 0.0487 0
Poly(C-ima/BF-ima) =701 570 0.0222 54.44
0.5 wt% ZrP+

-685 207 0.0081 83.44
poly(C-ima/BF-ima)
1.0 wt% ZrP+

-648 181 0.0071 85.52
Poly(C-ima/BF-ima)
1.5 wt% ZrP+

-607 176 0.0069 85.92
Poly(C-ima/BF-ima)
2.0 wt% ZrP+

-525 108 0.0042 91.36
Poly(C-ima/BF-ima)
2.5 wt% ZrP+

-452 101 0.0039 91.92

Poly(C-ima/BF-ima)
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