
J. Renew. Mater., Vol. 2, No. 3, August 2014  © 2014 Scrivener Publishing LLC  235

DOI: 10.7569/JRM.2014.634115

*Corresponding author: as.sabnis@ictmumbai.edu.in

Renewable Resource-Based Hybrid Crosslinker for 
Sustainable Industrial  Coatings

Dinesh Balgude and Anagha Sabnis*

Department of Polymer and Surface Engineering, Institute of Chemical Technology, Nathalal Parekh Marg, Matunga (E), 
Mumbai-400019, Maharashtra, India

Received April 12, 2014; Accepted July 17, 2014

ABSTRACT:  Renewable resource-based hybrid crosslinker was successfully synthesized via sol-gel technology. The 
synthesis involved malenization of Cashew Nut Shell Liquid (CNSL) followed by its silane modifi cation and 
subsequent hydrolysis and condensation with tetraethyl orthosilicate (TEOS). The synthesized crosslinker was 
characterized by spectroscopic analysis (FT-IR, 1H-NMR, 13C-NMR and 29Si-NMR) for structural elucidation. 
The crosslinker was further formulated in a conventional stoving system. Fully-cured coatings were obtained 
after stoving at 120°C for ½ hr and were then evaluated for physical, mechanical, chemical, optical, accelerated 
weathering, electrochemical and morphological properties. The incorporation of hybrid crosslinker in a 
conventional stoving system was observed to improve overall coating properties. The excellent properties 
can be attributed to the combination of an aliphatic chain of CNSL and siloxane (-Si-O-Si-) moieties within the 
coating, resulting in good balance of fl exible and dense structure which would take care of load distribution 
properties and penetration of corrosive chemicals through coatings.
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1 INTRODUCTION

Alkyd-melamine chemistry is one of the widely used 
resin systems in various coating applications, such as 
industrial coatings, product fi nish  coatings, etc., with 
moderate performance properties. These  binders are 
mainly derived from petroleum-based feedstocks. 
Though exhibiting desired coating properties, the 
 utilization of petroleum feedstocks has been  vanishing 
due to stringent economic and  environmental con-
cerns [1,2]. In this regard, the exploration of renewable 
resources by various chemical modifi cations, such as 
for resin synthesis, has been a well-accepted approach 
in the last decades [3–9]. The use of renewable resources 
is mainly due to the fact that these materials are eco-
friendly, user friendly and  economical, and thereby 
provide a  three-fold  solution to various  concerns of 
the modern  coating  industry [10]. Till now a number of 
renewable resources have been explored in resin syn-
thesis, some of them being oils, rosin,  tannin, lignin, 
polysaccharide (sugar alcohols, starch, polycarboxylic 

acids), etc. [11–15]. However, there exist  compounds 
like Cashew Nut Shell Liquid (CNSL), which can 
be used as  possible substitutes for  petroleum-based 
materials due to their  availability, sustainability, cost 
effectiveness, and  reactive functionalities.

A waste agricultural byproduct of the cashew 
nut industry, CNSL contains a number of useful 
 phenolic derivatives with meta substituted long-chain 
 saturated/unsaturated hydrocarbons. These  reactive 
functionalities make it suitable for a number of 
polymerization reactions through addition as well as 
 condensation mechanisms. On this basis, it was used 
in a number of industrial applications like laminat-
ing resins, adhesives, ion-exchange resins, paints and 
 coatings, lacquers, hybrid materials, waterproofi ng 
agents, surface active agents, color and dyes, coupling 
agents, corrosion inhibitors, etc. [16].

Nowadays, a number of advanced coating tech-
nologies have come on the market to enhance the 
 performance properties of conventional coatings, 
some of them being self-healing coatings, conductive 
coatings, sol-gel technology, etc. [17–19]. Among all 
the technologies, sol-gel technology has been widely 
used due to a number of advantages it possesses such 
as room temperature synthesis, chemical  inertness, 
high oxidation and abrasion resistance,  excellent 
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thermal stability, excellent barrier and mechanical 
properties, very low health hazard, etc. [20]. In our 
previous paper we thoroughly reported the various 
types of hybrid coatings, their basic chemistries and 
synthesis, their interaction with metal and subse-
quent coating, as well as current developments, etc., 
as far as metal protection is concerned [21]. Organic-
inorganic hybrid coatings offer an excellent adhesion 
to metals as well as to the subsequent coat via strong 
covalent bond and a three-dimensional network of 
siloxane (–Si–O–Si–) linkages, which help to retard 
the penetration of  corrosive medium through the 
coating.

This proposed work deals with the development 
of hybrid crosslinker from modifi ed renewable 
resource via sol-gel technology and its application 
in a conventional stoving system. The combination 
of biobased material and sol-gel technology serves 
the purpose of sustainability with enhanced perfor-
mance properties.

2 MATERIALS

Cashew nut shell liquid (NC-700) was procured from 
Cardolite Corporation, Mangalore; 3-glycidyloxypropyl 
trimethoxysilane (GPTMS) and Tetraethyl orthosilicate 
(TEOS) were obtained from Wacker Silicones, Mumbai. 
Maleic anhydride, anhydrous sodium  sulphate (Na2SO4), 
glacial acetic acid (GAA),  methanol, xylene, p-toluene 
sulfonic acid (p-TSA), and  triethylamine (TEA) were 
purchased from SD  Fine-Chem Ltd., Mumbai. Short oil 
alkyd (Replakyd-526) was procured from Resins and 
Plastics Ltd., Mumbai. Hexabutoxymethylmelamine 
(HBMM) was procured from Shalimar Paints Ltd, 
Nashik, India.

3 EXPERIMENTAL

3.1  Synthesis of Malenized CNSL-Based 
Hybrid Precursor (MCHP)

The synthesis of MCHP involved malenization of 
CNSL and subsequent hydrolysis of malenized 
CNSL followed by GPTMS modifi cation. At fi rst, 
 malenization of CNSL was carried out in a molar 
ratio of 2.2:1 (maleic anhydride: CNSL) in a 4-neck 
round-bottom fl ask fi tted with thermometer pocket, 
water condenser, dry nitrogen inlet and was mixed 
using a motor-driven stirrer at elevated tempera-
ture (180–200°C) for 4½ hrs. Conventionally, male-
nization  reaction proceeds  radically or thermally. 
However, undesired currying reaction unavoidably 
occurs, resulting in gelation of the reaction mixture. 
The reaction mixture was charged with nitrogen 

containing solvent such as n-methyl-2-pyrolidone 
(2 wt%) to process the malenization reaction without 
gelation [22]. During malenization reaction, maleic 
anhydride is grafted on to the unsaturated chain of 
CNSL via Diels-Alder/Ene mechanism [23]. This 
mechanism involved the transfer of active proton 
(proton from methylene [-HC=CH-] group) of maleic 
anhydride to the  reactive double bond (C8 and C11) 
of CNSL, resulting in  grafting of maleic anhydride 
on CNSL with shifting of double bond on CNSL 
molecule. After the  malenization  reaction, hydra-
tion was carried out by boiling  malenized CNSL in 
water for 1 hr. Hydration results in the opening of 
the anhydride rings. The excess water was distilled 
off under reduced  pressure followed by passing the 
 product over anhydrous sodium sulphate to remove 
the water traces. The purifi ed malenized CNSL was 
then evaluated for its Acid value and it was observed 
to be 230 mg KOH/ gm.

Silane-modifi ed malenized CNSL was then synthe-
sized by reacting hydrolyzed malenized CNSL with 
GPTMS at 60–70°C for 4 hrs under magnetic stirring 
(molar ratio of GPTMS / malenized CNSL = 0.2/1). 
Triethylamine (0.2 wt%) was used to catalyze the 
 reaction. After completion of the reaction,  product was 
analyzed for its Acid value. Figure 1 shows a schematic 
representation of malenization of CNSL followed by 
its hybridization via sol-gel technology.

3.2  Preparation of MCHP-Based 
Primary Sol

The primary sol was then synthesized by  hydrolyzing 
the mixture of TEOS and MCHP (molar ratio of H2O/ 
Si = 15:1) along with methanol at room temperature 
(30°C) under magnetic stirring at a rate of 150 rpm for 
24 hrs. TEOS and methanol were added with respect 
to GPTMS content in MCHP (molar ratio of TEOS/ 
GPTMS/ Methanol = 1:2:2 respectively). An elec-
tronic pH meter (Digital pH Meter Model: pH 600, 
Sigma Instruments) was used to monitor the pH of 
solution, which was maintained in the range of 2–4 
using 0.05 M Glacial acetic acid (GAA) [24]. The GAA 
was added with respect to total reaction solids (1 wt% 
of reaction solids).

3.3 Coating Preparation

The synthesized precursor was further used as a 
 partial crosslinker in a conventional alkyd-HBMM-
based stoving system. The curing ratio of alkyd to 
HBMM was set at 70:30 wt% respectively. The  coating 
 solutions were formulated by replacing HBMM 
with primary sol at 30 and 50 wt%. For comparative 
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study, the neat coating solution was also applied. 
The  coatings were designated as HC_0, HC_30 and 
HC_50, where HC stands for hybrid coatings while the 
 number  represents weight percentage replacement of 
HBMM with MCHP.

3.4  Surface Preparation, Coating 
Deposition and Its Curing

Mild steel panels (2 x 3 square inches) were  manually 
cleaned before application. Cleaning involved  
 degreasing, hand scrubbing using emery paper (120 
no.), followed by methanol cleaning. The  application 
viscosity of all the coating solutions was maintained 

at 40% nonvolatile matter (%NVM) using a  mixture of 
xylene and methyl ethyl ketone in 90:10 wt% ratios. 
The coating solutions were then applied onto  prepared 
substrates by conventional airless spray application 
according to ASTM D 4708-99. The coated substrates 
were allowed to air dry for 10 minutes and were then 
placed in an air circulating oven to cure at 120°C for ½ 
hr. Typical dry-fi lm thickness of coatings was observed 
to be in the range of 50–60 microns. The  completely 
cured panels were evaluated for  mechanical  properties, 
chemical and solvent resistance properties, hydrolytic 
stability, optical properties, anti-corrosive properties, 
electrochemical properties and SEM/EDAX analysis 
as per ASTM standards.

Figure 1 Synthesis of Malenized CNSL-based hybrid precursor.
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4. METHODS AND MEASUREMENT

The malenization of CNSL and subsequent hydrolysis 
were characterized for presence of functional groups 
by Fourier transform infrared spectroscopy (FTIR) in 
the spectra range of 500–4000cm−1 on Perkin-Elmer 
Spectrum 100 Instrument as per ASTM E-1252. Further, 
the prepared primary sol was characterized by nuclear 
magnetic resonance spectroscopy (1H-NMR, 13C-NMR 
and 29Si-NMR) for structural elucidation on Bruker 
Biospin (Avance AV500WB, Germany) spectrometer at 
400 MHz using deuterated chloroform as solvent and 
tetramethylsilane (TMS) as an internal standard.

Applied coatings were evaluated for adhesion 
properties by cross-cut adhesion according to ASTM 
D-3359. Pencil hardness of the coating was measured 
on a hardness tester according to ASTM D-3363. 
Flexibility and load distribution property (impact resis-
tance) of the coatings were tested by conical  mandrel 
and impact tester as per ASTM D-522 and ASTM 
D-2794  respectively. Impact resistance was measured 
on the impact tester with maximum height of 60 cm 
and load of 1.36 kg. The chemical and solvent resis-
tance of the coatings were evaluated by  immersing 
the coated panels in 5% HCl, 5% NaOH, methanol 
and xylene according to ASTM D-1308 respectively. 
The hydrolytic stability of the coatings was evaluated 
as per ASTM-B-1308 method. The coated panel was 
immersed in boiling water for 4 hours. After  chemical, 
solvent resistance and hydrolytic stability tests, coated 
panels were evaluated for degree of adhesion and 
visual inspection of blisters and cracks, if any.

The cured coatings were further evaluated for 
salt spray resistance (ASTM B-117) and UV resis-
tance (ASTM-G53) to investigate the anti-corrosive 
 performance and outdoor weatherability of the coated 
panels respectively. The UV resistance was synchro-
nized with the color spectrophotometer  (COLOR-EYE 
7000) to evaluate the color values, % variation in 
Yellowness index and ΔE values after the testing.

The electrochemical properties of the coatings 
were evaluated by impedance spectroscopic analy-
sis on VersaSTAT-3 instrument (AMETEK, Princeton 
Applied Research, Oak Ridge, TN, USA). The electro-
chemical studies involved 3-electrode systems namely, 
saturated calomel electrode, a platinum electrode and 
a coated panel acting as reference, counter and work-
ing electrode respectively. The electrode surface area 
exposed to testing solution (3.5 wt% NaCl) was 7 cm2 

in all cases. All the electrochemical measurements 
were carried out at room temperature (32°C) in 3.5 
wt% NaCl solution.

Surface morphology and elemental distribu-
tion across the coating were characterized by 
scanning  electron microscope (SEM) and energy 

dispersive spectroscopy (EDAX) using Quanta 200 
SEM  instrument (FEI Company, USA).

5. RESULTS AND DISCUSSION

5.1 Synthesis

5.1.1 FTIR Analysis

The malenization of CNSL and subsequent  hydrolysis 
was confi rmed by FTIR and compared with CNSL 
spectrum. The appearance of transmission band at 
1715 and 1740 cm-1 (in Figure 2) corresponding to 
C=O stretching from carboxylic (-COOH) group after 
 anhydride ring opening is due to hydrolysis which 
was observed to be absent in CNSL spectrum [25]. 
Figure 3 shows the FTIR spectra of GPTMS  modifi ed 
 hydrolyzed malenized CNSL and neat GPTMS. 
The disappearance of peak at 909 cm-1 due to C-O 
 stretching of oxirane group of GPTMS confi rmed the 
complete utilization of oxirane group by acidic group 
of malenized CNSL.

Figure 4 shows the FTIR spectra of CNSL-based 
hybrid coating containing various percentages of 
MCHP. The graph shows an increase in intensity of 
peaks at 550 cm-1, 1017 cm-1, 1084 cm-1, and 1261cm-1, 
which corresponds to -Si-O-Fe-, -Si-O-Si- , -Si-O-CH3 
and Si-C [26–28] respectively on increasing the MCHP 
concentration. The increased intensity of Si-O stretch-
ing in the above-mentioned linkages indicates that the 
condensation reactions occurred between silanol and 
metal substrate lead to the formation of strong cova-
lent bond at metal coating interface. The increased 
silicon-oxygen-metal (-Si-O-Fe-) linkages improved 
the adhesive forces at the metal coating interface, 
while increased siloxane linkages (-Si-O-Si-) provided 

Figure 2 FTIR spectra of CNSL and Malenized CNSL (after 
hydrolysis).
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enhanced barrier layer for the ingress of aggressive 
chemicals and hence improved corrosion protection.

Frequency at 3460 cm−1 denoted the existence of 
OH groups. The sharp peaks at 2924 cm-1 and around 
2884 cm−1 are due to –CH3 symmetric stretching and 
O-CH3 asymmetric stretching vibrations. The absorp-
tion band at 1730 cm-1 corresponds to –C=O stretch-
ing of the carboxyl group. The signifi cant decrease in 
peak intensity at 1558 cm-1 which corresponds to –C-N 
stretching of HBMM, confi rmed the replacement of 
HBMM by MCHP, while the sharp peak at 1261 cm−1 is 
attributed to Si-C symmetric bending of Si-CH3 group 
respectively.

5.1.2 NMR Analysis

The prepared primary sol was characterized by NMR 
spectroscopy. The representative 1H-NMR spectrum of 
prepared primary sol (Figure 5) shows chemical shift 
(ppm) at 1.3–1.6, 5.48 and 7.1–7.3, which indicated the 
proton from -CH2, -CH-, and C6H6 respectively. While, 
the signals at 11, 3.58 and 5 ppm representing proton 
from carboxylic, alcoholic and silanol groups respec-
tively [29], confi rmed the malenization of CNSL fol-
lowed by GPTMS modifi cation.

Also, 13C-NMR spectrum of prepared primary sol 
(Figure 6) shows peaks for carbon from -CH2, -CH- of 
aliphatic unsaturation and from aromatic ring at 29.3–
36 ppm, 132.4–133.1 ppm, 111.6–129.1 and 142.3–157.2 
ppm respectively [29]. This represents the structure of 
CNSL having benzene ring with unsaturated aliphatic 
chain, while chemical shift (ppm) at 172.0–177.3, 
42.3–42.6 and 70.5–71.2 represents carbon from –COO, 
-CH- from maleic anhydride and –CH- attached to free 
hydroxyl, which confi rmed the malenization and sub-
sequent GPTMS modifi cation of CNSL.

The peak assignments in 29Si-NMR spectra of 
 primary sols are described as previously reported by 
Glaser et al. for organically modifi ed silanes [30]. The 
spectra (as shown in Figure 7) shows distinct peaks 
for the silica network units at −49.5 to −50.5 ppm [T1], 
−56.5 to −59.3 ppm [T2], and 65.8 to −69.9 ppm [T3], 
which corresponds to R–Si(OR)2(-O)1, R–Si(OR)(-O)2, 
R–Si(-O)3, respectively. Also, the spectra shows some 
low intensity peaks at −93.7 to −94.5 ppm [Q2], −102.4 

Figure 3 FTIR spectra of GPTMS and GPTMS modifi ed 
Malenized CNSL (MCHP).

Figure 4 FTIR spectra of CNSL-based hybrid coatings 
containing various percentages of MCHP.

Figure 5 1H-NMR spectra of primary sol.
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to −103.3 ppm [Q3], and −111.6 to −113.7 ppm [Q4] 
attributed to Si(OSi)2(OH)2, Si(OSi)3(OH), and Si(OSi)4, 
respectively. This could be due to formation of mono-, 
di-, tri- or tetra-siloxane linkages in the matrix. Thus, 
29Si-NMR measurements confi rmed the formation 
of a dense siloxane network evident from increasing 
peak ratios of T2/T3 and Q2/Q3 on increasing MCHP 

content (Figure 7). This indicated the enhancement in 
the degree of condensation in the sol. The increased 
degree of condensation has led to the formation of a 
higher reticulated network of TEOS and GPTMS into 
the hybrid silane matrix.

5.1.3 Chemical Analysis

Acid value is a measure of carboxyl content present 
in the given molecular structure as per ASTM D-1980. 
The GPTMS modifi cation of malenized CNSL was 
characterized by measuring the Acid value of reac-
tion mixture before the start of reaction and after 
completion of reaction. The Acid value of reaction 
mixture containing Malenized CNSL and GPTMS was 
observed to be decreased from the initial 192 to 154 mg 
of KOH/gm at the end of GPTMS modifi cation. This 
confi rmed the consumption of acidic proton to open 
the oxirane group of GPTMS.

5.2 Coating Properties

5.2.1 Optical Property

Optical property of the coatings was evaluated using a 
digital gloss meter at 60°. There was no signifi cant dif-
ference observed in the gloss values of all the systems. 
Table 1 shows the gloss value for all the formulations.

5.2.2 Mechanical Properties

The cross hatch adhesion as well as fl exibility were 
observed to be excellent in all the coatings  irrespective 
of the percentage of GPTMS modifi cation. The pres-
ence of polar functional groups (such as  carboxyl 
and hydroxyl) of MCHP-based primary sol would 
 contribute to the strong adhesive forces to the metal 
substrate, while long methylene linkages of CNSL 
would take care of any increased  crystallinity by 
increasing the content of MCHP-based hybrid sol, 
thus  contributing to excellent fl exibility of the coat-
ings. However, the pencil hardness was observed to be 
increased with increasing percentage of hybrid sol. This 
could be due to increasing percentage of MCHP result-
ing in a dense crosslinked polymeric network leading 
to increased surface hardness of the cured coatings.

The load distribution property of the coatings was 
evaluated by falling ball impact method and it was 
observed to be increased with increasing concentration 
of hybrid precursor. The increased number of methy-
lene linkages on increasing the percentage of hybrid 
sol was responsible for imparting very good fl exibility 
to the systems. The excellent fl exibility of the coating 
was adequate to provide excellent load distribution 
property on impact without any crack.

Figure 6 13C-NMR spectra of primary sol.

Figure 7 29Si-NMR spectra of coating formulations.
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Abrasion resistance was observed to follow the 
 similar trend as that of pencil hardness when  evaluated 
using a CS-17 wheel under 1 Kg load for various cycles 
(500 and 1000 cycles). The increased surface  hardness 
of HC_50 formulation due to increased  siloxane 
 linkages was responsible for its better abrasion 
 resistance  compared to the others. The increased cross-
link density in the coatings was balanced by the soft 
oligomeric segment of hybrid sol, which did not result 
in any brittleness of the coatings. Hence the abrasion 
resistance was observed to improve as the percent-
age of hybrid sol was increased to 50% (i.e., HC_50). 
Table 1 shows the results obtained for all the mechani-
cal properties for all coating samples evaluated.

5.2.3 Chemical Resistance Properties

The chemical resistance of the coatings was  evaluated 
for acid and alkali resistance. The coated substrates 
were dipped in 5% NaOH and 5% HCl solution 
respectively for 12 hours. After completion of test, 
panels were inspected for visible damages, if any. All 
the formulations showed excellent acid  resistance. 
However, few to medium-dense  blistering was 
observed in the case of alkali resistance as evaluated 
from HC_50 to HC_0 respectively, which could be 
due to the presence of ester linkages in the  polymeric 
network which are susceptible to hydrolysis in an 

alkaline environment. The increased number of 
 siloxane linkages in HC_50 help to suppress the 
effect of chemical penetration across the fi lm, thereby 
imparting comparatively good resistance irrespective 
of ester linkages present in the fi lm. The degree of 
blistering was evaluated and reported as per ASTM 
D 714-02.

5.2.4 Solvent Resistance Properties

The fi lm integrity of the coated panels was evaluated 
in polar (methanol) and non-polar (xylene) solvent by 
immersion method. After 4 hrs of immersion, visible 
examination of the coated panel shows no blister or 
pit formation on the coated surface. All the coatings 
showed excellent solvent resistance for both methanol 
and xylene. The exposed area was further evaluated 
for secondary adhesion and it was observed to be 5B 
for all formulations.

5.2.5 Hydrolytic Stability

After completion of 4 hr immersion in boiling water, 
the panels were dried and observed for any fi lm 
defects, if any. The coating HC_50 showed superior 
hydrolytic stability compared to HC_0 (neat) and 
HC_30 formulation. This could be due to increased 
silane content resulting in increased Si-O-C linkages, 

Table 1 General coating properties of CNSL-based hybrid coatings.

Properties HC_0 ( Neat) HC_30 HC_50

Dry fi lm thickness (ASTM D-1186) 52-56 μm 55-60 μm 53-59 μm

Gloss (60°) (ASTM D-523) 99-103 102-105 100-103

Cross-hatch Adhesion (ASTM D-3359)

Primary (at 0 hrs of salt spray exposure ) 5B 5B 5B

Secondary (after 250 hrs of salt spray 
exposure)

3B 4B 5B

Flexibility (Conical Mandrel, 3mm diameter) 
(ASTM D-522)

No fracture No fracture No fracture

Impact (inch-pound, weight of block = 
1.36 kg) (ASTM D-2794)

35.43 53.15 70.86 

Pencil hardness (ASTM D-3363) H 2H 3H

Abrasion Resistance (weight loss in mg, CS-17 and 1Kg) (ASTM D-4060)

500 cycles 63.4 49.9 37.3

1000 cycles Film removed 78.3 57.7

Chemical Resistance

5% HCl Passes Passes Passes

5% NaOH, (Rating as per ASTM D-714) Medium dense blisters Medium blisters Few blisters

(Size no. 6) (Size no. 6) (Size no. 4)
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which are hydrolytically more stable. The strong silox-
ane linkages (-Si-O-Si-) formed after condensation 
between TEOS and GPTMS would also contribute to 
excellent hydrolytic stability. The secondary adhesion 
of coatings was also evaluated, which was observed to 
be unaffected for HC_50 formulation. The test results 
revealed the zero water permeability of HC_50 fi lm. 
However, few blisterings were observed in HC_0 
(neat) and HC_30 formulation. The results were 
reported as per ASTM D 714-02.

5.2.6 Anti-Corrosive Properties

The corrosion resistance properties of all the coating 
systems were evaluated by exposing the coated panels 
to 3.5 wt% aqueous sodium chloride (NaCl) solution at 
35 ± 2 °C according to ASTM B-117 specifi cations. The 
appearance of the coated panels after 0, 72, 144 and 250 
hrs of salt spray test is shown in Figure 8. It can be iden-
tifi ed that rusting was started after 72 hrs due to metal 
exposure to electrolytic chemical (3.5% NaCl). The 
degree of rusting across the scribed area was observed 
to be extended in neat (HC_0) and  formulation HC_30 
after 144 hrs and 250 hrs of  exposure, as shown in 
Figure 8. However, HC_50  formulation shows compar-
atively lesser corrosion across the scribed area, which 
indicates that the adhesive forces between coating and 
metal substrate increase signifi cantly on increasing the 
content of hybrid precursor. The improved adhesion 
and increased number of siloxane linkages (-Si-O-Si-) 
on increasing the content of hybrid sol helps to impede 
the penetration of water and chloride ions (Cl- ions) 

across the scribe, hence preventing the propagation of 
corrosion at metal coating interface.

Table 1 shows secondary adhesion of all the coat-
ings after 250 hrs of salt spray test. The adhesion was 
observed to be decreased with value of 4B and 3B for 
HC_30 and HC_0 formulations respectively, while it 
was unaffected (5B) for HC_50 formulation.

5.2.7 Electrochemical Properties

Electrochemical impedance spectroscopy (EIS) was 
used to evaluate the anti-corrosive performance of the 
coatings. From the polarization curves (Figure 9) in the 
3.5% NaCl solution, it can be seen that the corrosion 
current for the HC_0 formulation is larger than that of 
the other formulations. The incorporation of MCHP 
resulted in lower current densities which showed a 
continuous decreasing trend with further increase in 
the content of hybrid precursor. The decreased Icorr 
(μA) values and corrosion rate (mm/yr) (as shown 
in Table 2) with increasing CNSL-based hybrid 
 precursor (MCHP) indicated that more siloxane as 
well as metallo siloxane linkages indeed could  provide 
a physical  barrier for blocking the electrochemical 
 process at metal coating interface, as also indicated by 
FTIR study.

Figure 10 shows a typical Bode plot for all the 
 formulations. Generally, higher Z modulus at lower 
frequency indicates a better corrosion resistant coat-
ing on the metal substrate [31]. The Bode plot shows 
higher Z modulus values in the order of 108 Ω at lower 
frequency for HC_50 compared to 107 Ω and 106 Ω 

Figure 8 Salt spray images of (a) HC_0 (neat), (b) HC_30 and (c) HC_50 coatings after 0, 72, 144 and 250 hrs of exposure in 3.5% 
NaCl solution.
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for HC_30 and HC_0 formulations respectively. This 
further suggests that the level of porosity and defects 
present in the developed coatings is very low, which 
helps to explain the excellent corrosion protection.

5.2.8 UV Resistance Properties

The UV resistance of the coated specimen was evalu-
ated by exposing the coated panels to alternate 4 hr 
cycles of UV light and water condensation for 360 hrs 
(Figure is given in supporting information). Damage 
caused by the weathering cycle was assessed using 

 visual assessment, gloss measurement and color 
 values (L, a, b values). Table 3 shows Yellowness index, 
Lab values and % variation in ΔE of all the coatings at 
0 hrs and 360 hrs.

It was observed that the addition of MCHP in the 
conventional Alkyd-MF coating system improves the 
weatherability property of the coatings. Also, the % 
variation in Yellowness index and ΔE was observed 
to be decreased on increasing the content of hybrid 
 precursor (MCHP). This could be  attributed to a 
greater number of siloxane linkages in the HC_50 
formulation. The increased number of stronger Si-O 

Table 2 Electrochemical parameters for CNSL-based hybrid coatings on Mild steel in 3.5% NaCl solution.

Formulation Icorr (μA) Ecorr (mV) Corrosion Rate 
(mm/yr)

Impedance (Ω) 

HC_0 2.18 × 10−9 −0.982 5.56 × 10−3 9.2345 × 106

HC_30 4.29 × 10−10 −0.954 3.71 × 10−5 2.569 × 107

HC_50 8.13 × 10−12 −0.598 1.15 × 10−6 1.8734 × 108

Figure 9 Potentiodynamic polarization curves of HC_0 (neat), HC_30 and HC_50 coatings in 3.5% NaCl.

Figure 10 Bode plots of HC_0 (neat), HC_30 and HC_50 coatings in 3.5% NaCl.
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bonds (bond dissociation energy of 190.73 Kcal/mol) 
in HC_50 formulation imparted the enhanced UV 
 resistance as that of other formulations. The visual 
 examination of the exposed specimen shows that 
HC_50  formulation showed excellent resistance 
against formation of  corrosion products (pits) on the 
surface after UV exposure. The gloss retention of the 
HC_50 formulation was observed to be 75.26% after 
360 hrs. The gloss retention values of neat and 30% 
formulation were unable to be measured due to the 
formation of pits on the surface after exposure.

5.2.8 SEM/EDAX Analysis

The surface morphology of all the coating systems 
was evaluated by scanning electron microscope using 
Quanta 200 SEM instrument (FEI Company, USA). 
The SEM micrographs revealed that the coating on 
mild steel is uniform, homogenous, and crack free. 
The EDAX graphs shows uniformly distributed silica 
with an increase in area under the peak at 1.79 keV 
(Figure is given in supporting information) for HC_50 
compared to HC_30. This confi rmed the presence of 
increased silica on increasing the content of MCHP.

6 CONCLUSION

A renewable resource-based sustainable coating sys-
tem was successfully developed by partially  replacing 
conventional hardener with newly  synthesized CNSL-
based hybrid precursor in conventional stoving 
 systems; and their performance in terms of mechani-
cal properties, chemical resistance, solvent resistance 
and hydrolytic stability and accelerated  weathering 
were evaluated. All mechanical properties were 
observed to be similar for all the coatings except the 
 increasing trend in pencil hardness with  increasing 
MCHP  content, which could be due to increased 

crosslinking density. The formulation containing 50% 
of CNSL-based hybrid precursor (HC_50) showed 
excellent performance in terms of chemical and 
 solvent resistance properties. Silicone modifi cation 
increased the corrosion resistance and UV stability 
of the system. Improvement in corrosion resistance is 
attributed to the formation of more siloxane linkages 
(Si-O-Si) at metal-coating interface, which are quite 
stable in an aggressive environment. Furthermore, 
the  combination of long-chain methylene linkages of 
CNSL and the presence of siloxane (Si–O–Si) moieties 
after GPTMS modifi cation in the coatings maintained 
a good balance between fl exibility and hardness of 
the coating. Thus, this CNSL, natural resource, can be 
used as one of the potential alternatives to some of the 
petroleum-based raw materials, and can be accepted 
as an eco-friendly coating system with increased 
 performance properties.
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