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Abstract High-performance epoxy coatings were pre-
pared by crosslinking commercial diglycidyl ether of
bisphenol-A with silicon–sulfur containing di- and
tetra-functional carboxyl curing agents based on car-
danol. The curing agents were synthesized and prod-
ucts were analyzed by chemical, spectroscopic, and
chromatographic techniques. In the next part, coatings
were formulated by varying the ratio of epoxy resin to
curing agents on equivalent basis, such as 1:0.6, 1:0.8,
and 1:1. The coatings were applied on mild steel panels
and cured at 150�C for 30 min. The resultant coatings
were evaluated for performance properties including
mechanical, chemical, optical, thermal anticorrosive,

and flame retardant properties. It was observed that
with an increase in concentration of silicon–sulfur
containing curing agents, water contact angles of the
coatings substantially increased. Moreover, electro-
chemical impedance spectroscopy, Tafel analysis, and
salt spray studies revealed that anticorrosive properties
of the coatings improved with an increase in concen-
tration of silicon and sulfur. In spite of synergistic
effect of silicon–sulfur, only marginal improvement in
flame retardant properties was observed.
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Introduction

Epoxy resins with a unique combination of properties
have occupied a dominant place in the development of
high-performance materials.1,2 At the same time, more
demanding requirements of the end users for higher
thermal stability and greater resistance to oxidation of
these materials push the existing technology and
knowledge to their limits. Such challenging require-
ments have forced researchers to develop a new class
of organic–inorganic hybrid polymers.

In recent years, owing to their low surface energy,
superior thermal stability, excellent moisture resis-
tance, and hydrophobicity, silicone compounds are
considered to be among the best modifiers for epoxy
resins.3 Moreover, research revealed that the addition
of small amounts of silicon compounds to various
polymeric materials has a flame retardant effect.
Silicon-containing compounds are recognized as an-
other kind of environmentally friendly flame retardant
because of their reduction in the harmful impact on
the environment.4,5 This is partly because these com-
pounds dilute the concentration of flammable species
and partly because the siliceous residues can form a
barrier to an advancing flame.6–9 Moreover, silicon-
containing compounds can migrate to the surface of

a polymer substrate at high temperature due to their
low surface energy. The high silicon concentration on
the surface further improves the flame retardancy of
compounds.10–12 However, the flame retardant effi-
ciency of single silicon-containing compounds is not
high enough and cannot meet the requirement of
polymer materials.13–15 Therefore, they are often
blended with other compounds containing phosphorus,
nitrogen, sulfur, etc., which synergistically improves
the flame retardancy of the polymer systems to which
they are added.16–19 For example, Chao et al.,20 syn-
thesized two novel phosphorus–silicon–nitrogen con-
taining flame retardants bearing active hydroxyl group
to improve compatibility with epoxy matrix. Results
revealed that addition of 15 wt% flame retardants
increased limiting oxygen index (LOI) values from 20
to 27 as well as resulted in improvement in thermal
stability. Similarly, Zhang et al.,21 developed epoxy
composites incorporated with a phosphorus–silicon–
nitrogen compound and observed that the best formu-
lation exhibited an LOI value as high as 34 and V-0
rating on UL-94 test. In a more recent work, graphene
oxide modified with a phosphorus–nitrogen–silicon
compound was used as a flame retardant for epoxy
resins. The authors concluded that resultant compos-
ites exhibited excellent mechanical, thermal, and flame
retardant properties.22

Although these compounds are efficient flame
retardants, they are based on petroleum resources. In
recent years, depletion of fossil fuels as well as
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stringent environmental regulations has forced re-
searchers to develop sustainable products that are
derived from renewable resources. Among various
renewable resources, cardanol is one such compound
that is obtained from cashew nut shell liquid (CNSL),
which is inexpensive and abundantly available in all
parts of world.23,24 Cardanol has a phenolic hydroxyl
group and a meta-substituted long alkyl chain. This
unique structure allows easy chemical modification via
a number of reaction chemistries to obtain products
with balanced performance properties. Today, car-
danol and its derivatives are widely used in the
preparation of coatings, curing agents, surfactants,
adhesives, antioxidants, etc.25–30

In our previous work, we synthesized silicon-con-
taining anhydride curing agent for epoxies, and it was
observed that silicon played an important role in
obtaining excellent performance properties for the
coatings.31 In a similar manner, we have attempted to
synthesize cardanol-based silicon–sulfur containing
multifunctional carboxyl curing agents for high-perfor-
mance epoxy coatings.

Materials

Cardanol (NC-700) was kindly provided by Cardolite
Specialty Chemicals Ltd., Mangalore, India. Commer-
cial epoxy resin (diglycidyl ether of bisphenol-A; %
solids—70 and EEW—180/eq) was procured from
Huntsman India Ltd., Mumbai, India. All the reagent
grade chemicals, including dichlorodimethylsilane
(DCDMS), thioglycolic acid, N,N-dimethylbenzy-
lamine (BDMA), 1,8-diazabicycloundec-7-ene
(DBU), Irgacure-184, sodium hydride, sodium hydrox-
ide, butanol, tetrahydrofuran, ethyl acetate, and
xylene, were purchased from SD Fine Chemicals,
Mumbai, India. All reagent grade chemicals were used
as received without further purification.

Experimental

Synthesis of silicon containing dimer of cardanol
(SIL)

The product SIL was synthesized as per method
described in our previous work.31 In the first step,
100 mL of ethyl acetate was poured into the four-
necked flask fitted with water condenser, thermometer
pocket, nitrogen inlet, and dropping funnel. The entire
assembly was put into an ice bath, and stoichiometric
amount of sodium hydride was added into the flask
slowly. After that, cardanol was added to the above
mixture in a dropwise manner for a period of 20–
25 min by maintaining the temperature maximum at
10�C. After complete addition of cardanol, the tem-

perature of the mixture was gradually increased to 60–
70�C, and the mixture was allowed to stir for one hour.
Further, the reaction mixture was again cooled to 5–
10�C, and dichlorodimethylsilane was added dropwise
for a period of 1–1.5 h. The stoichiometric ratio of
cardanol/DCDMS/sodium hydride was 2:1:2. After
complete addition of DCDMS, the temperature of
the mixture was gradually raised to 70�C and allowed
to stir for 8 h. The product, abbreviated as SIL, was
then washed several times with lukewarm water to
ensure complete removal of sodium chloride salt.

Synthesis of Si–S containing multifunctional
carboxyl curing agents

Thiol-ene coupling of SIL was performed in a single-
necked round-bottom flask fitted with water condenser
and placed on a magnetic stirrer. To obtain di- and
tetra-functional carboxyl curing agents, the molar ratio
of SIL to thioglycolic acid was varied as 1:6 and 1:10,
respectively. The reaction mixture consisted of stoi-
chiometric amount of SIL and thioglycolic acid along
with 1 wt% (of total solids) photoinitiator Irgacure-184
and 1.5 wt% (of total solids) DBU catalyst. The
reaction mixture was allowed to reflux at 80�C for
20 h in the presence of UV light. After completion of
the reaction, the mixture was diluted in ethyl acetate
and washed several times with 1% aq. sodium hydrox-
ide solution followed by washings with lukewarm water
to ensure complete removal of unreacted compounds.
The organic layer was then separated and evaporated
to obtain di- and tetra-functional curing agents, which
were abbreviated as S-I and S-II, respectively. The
structure of curing agents was analyzed with chemical
and spectroscopic analysis (as shown in Fig. 1).

Formulation of coatings

The synthesized curing agents were mixed with com-
mercial epoxy resin in varying proportions as 1:0.6,
1:0.8, and 1:1 (see Table 1). The calculated amount of
epoxy adduct and carboxyl curing agents along with
1 wt% (of total solids) BDMA was mixed with xylene/
butanol (70/30 on v/v) to attain application viscosity.
The coating mixture was applied on mild steel panels,
and, after a flash-off time of 10 min, coated substrates
were kept in an air circulating oven. The panels were
thermally cured at 150�C for 30 min to achieve
complete cure. After 24 h of conditioning, the coated
panels were evaluated for physical, mechanical, chem-
ical, thermal, anticorrosive, and flame retardant prop-
erties. Coatings cured with 0.6, 0.8, and 1 equivalent of
S-I and S-II were represented by the name of curing
agent followed by numbers 0.6, 0.8, and 1, respectively.
The amount of curing agent required for curing epoxy
resin is given by equation (1)
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Weight of epoxy

Epoxy equivalent weight

¼ Weight of curing agent

No: of equivalents � equivalent weight of curing agent

ð1Þ

Characterization

The acid and iodine values were evaluated as described
in ASTM D1980 and ASTM D1959, respectively. To
calculate gel content (GC), known weight of sample

(W0) was put into 20 mL tetrahydrofuran for 24 h.
After completion of test period, the solution was
filtered and contents of filter paper were dried in
an oven at 50�C and weighed again (W1). GC was then
calculated using equation (2).

Gel content %ð Þ ¼ W1 � 100

W0
ð2Þ

To measure water absorption of coating films,
a sample with known weight was kept in water at
room temperature for 24 h. After completion of the
test period, any drops of water left on film samples
were soaked with cotton and sample was weighed. The
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Fig. 1: Schematic representation of preparation of Si–S containing multifunctional curing agents

Table 1: Formulation of epoxy coatings

Coating Qty required per 100 g epoxy Silicon (wt%) Sulfur (wt%)

S-I-0.6 141.4 1.93 4.42
S-I-0.8 188.5 2.16 4.93
S-I-1.0 235.6 2.32 5.29
S-II-0.6 86 1.25 5.73
S-II-0.8 114.7 1.45 6.62
S-II-1.0 143.4 1.6 7.30
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water absorption was calculated according to equa-
tion (3)

Water absorption ð%Þ ¼ ðWafter �WbeforeÞ � 100

Wbefore
ð3Þ

where Wafter is the weight of the sample after dipping
in water, and Wbefore is the weight of the sample before
dipping in water.

Dry film thickness of all the coatings was measured
by using DFT meter. DFT meter was calibrated using
zero calibration method and standard calibration foils
of 25, 50, 75, and 200 microns. The adhesion of the
coatings was evaluated by cross-cut adhesion according
to ASTM D3359. A lattice pattern of cuts with equal
spacing was made on the coating surface with the
crosshatch cutter, and commercial cellophane tape was
applied over the lattice. The substrate was then
examined for any loss of the squares from the lattice
pattern. Gloss of the coatings was measured at 60� by
gloss meter as per ASTM D523. Pencil and scratch
hardness of the coatings were measured on hardness
tester according to ASTM D3363 and IS-104, respec-
tively. Flexibility of the coating films was examined by
conical mandrel as per ASTM D522, and impact
resistance was measured on impact tester with maxi-
mum height of 23.6 in and a load of 3 lbs as described
in ASTM D2794. The chemical resistance of the coated
panels was evaluated by acid and alkali immersion
method according to ASTM D1308. Coated panels
were inspected for degree of adhesion, visual inspec-
tion of blister, and cracks after immersion for 24 h. The
solvent resistance was measured by solvent double rub
test using methyl ethyl ketone and xylene as per ASTM
D4752. Hydrolytic stability was evaluated according to
ASTM B1308, and coated panels were immersed in
boiling water for 4 h and examined for loss of adhesion
and blister formation, if any.

Instrumentation

The FTIR spectra of curing agents were recorded on
a Bruker instrument in the wavelength range of 4000–
400 cm�1 with 24 scans and 2 cm�1 of resolution. NMR
spectra of curing agents were recorded on Mercury
Plus NMR spectrometer (400 MHz, Varian, USA).
CDCl3 was used as a solvent for all the samples. The
chemical shifts in the discussion are reported in parts
per million. The number average molecular weight
(Mn) and molecular weight distribution was deter-
mined by gel permeation chromatography (GPC)
(Agilent 1100 series). The sample was dissolved in
tetrahydrofuran and placed in Agilent 1100 series
instrument, consisting of a refractive index (RI)
detector and Agilent PL gel 10 lm column. The
thermogravimetric analysis (TGA) of coating films
was performed on TGA Q-500 (TA Instruments,
USA) under nitrogen atmosphere in the temperature

range of 40–600�C at a heating rate of 10�C/min.
Limiting oxygen index (LOI) was measured on alpha
limiting oxygen chamber (Model no. 230) and mini-
mum concentration of oxygen in a flowing mixture of
oxygen and nitrogen that was just sufficient for flaming
combustion was measured according to ASTM D2863.
For this purpose, films were cast into Teflon mold and
cut into dimensions of 80 mm 9 50 mm 9 0.2 mm.
Samples were tested as per UL-94 vertical burning test
according to ASTM D4804 on samples having
150 mm 9 50 mm 9 0.2 mm dimensions. Corrosion
resistance of the coatings was evaluated by salt spray
test, electrochemical impedance spectroscopy (EIS),
and Tafel analysis. For this purpose, VersaSTAT-3
instrument (AMETEK, Princeton Applied Research,
Oak Ridge, TN) was used, and all electrochemical
measurements were obtained at room temperature
(30�C) in 3.5% NaCl solution. The test system
consisted of three electrode cells, in which calomel
electrode, a platinum electrode, and a coated panel
were used as reference, counter, and working elec-
trodes, respectively. The area of the coated panels
exposed to the NaCl solution was 7 cm2 in all the cases.
Salt spray test was conducted in salt spray chamber
containing 5% NaCl solution as per ASTM B117, and
panels were examined for creepage from scribe mark
and % area failed according to ASTM D1654.

For DC polarization tests, corrosion rate of coatings
was calculated using equation (4).27

Corrosion rate ðin mm/yrÞ ¼ 3:27 � Icorr � Ew

D�A
ð4Þ

where Icorr—corrosion current density (mA);
Ew—equivalent weight of steel = 27.6; D—density of
steel = 7.86 g/cm3; A—area of specimen = 7 cm2.

All the experiments were conducted in duplicates to
ensure the repeatability and consistency of the results.

Results and discussion

The synthesized curing agents S-I and S-II were
analyzed by FTIR, 1H-NMR, and 13C-NMR spec-
troscopy for structural confirmation. Chemical analysis
of products is shown in Table 2. As can be seen,
theoretical acid and iodine values of products are very
close to the experimental values confirming the desired
product formation.

FTIR spectroscopy

Functional group analysis of both curing agents was
done by FTIR spectroscopy. Figures S1 and S2 (see
Supplementary Information) show the FTIR spectra of
S-I and S-II, respectively. Addition of thioglycolic acid
across the unsaturation of SIL was confirmed by the
presence of the peak at 1709 cm�1 due to the –C=O
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group and generation of –OH group which can be
observed at 3363–3390 cm�1. Other common peaks
related to the methylene and methyl groups were
observed at 2854 and 2921 cm�1, respectively. Further,
peaks at 1149–1151 cm�1 and 1263 cm�1 indicated the
presence of Si–O–C and Si–C linkages in S-I and S-II.

1H-NMR spectroscopy

1H-NMR spectroscopy was performed to analyze
chemical structure of S-I and S-II. Figures S3 and
S4 (see Supplementary Information) show the NMR
spectra of S-I and S-II, respectively. In both spectra,
the chemical shift at 11 ppm could be assigned to the
protons from –COOH group. Chemical shifts at 7.01–
6.85 ppm could be attributed to the protons present in
the aromatic ring. Methylene protons present in the
aliphatic chain of cardanol could be observed at
1.29 ppm. To further confirm chemical structure of
the curing agents, 13C-NMR spectroscopy was per-
formed, and spectra are shown in Supplementary
Figs. S5 and S6. As shown in both figures, shifts at
172–176 ppm indicated the presence of carbon of –
C=O group. Unsaturated carbon atoms present in the
long chain of cardanol were observed at 129–130 ppm.
Also, carbon atoms associated with aromatic ring could
be observed at 112 and 156 ppm. So, it can be
concluded that spectroscopic analyses of the products
successfully confirm their chemical structure.

Gel permeation chromatography

Molecular weight of both the curing agents was
determined by gel permeation chromatography, and
curves are shown in Fig. 2. As shown in Table 3,
practical molecular weights of curing agents were close
to the theoretical molecular weights, confirming the
formation of desired products.

Coating properties

Coating properties vary with chemical structure of
curing agent, molecular weight, reactive functionality,
and its concentration. In the present work, we have
investigated the effect of varying concentration of

curing agents on performance properties of coatings,
and a structure property relationship was established.

Mechanical properties

All the coatings were applied on mild steel panels, and
average dry film thickness was observed to be 50–
60 microns. Coated panels were then analyzed for
mechanical, chemical, thermal, anticorrosive, and
flame retardant properties. Mechanical properties of
coatings are summarized in Table 4. As can be seen,
extent of crosslinking of all the coatings was observed
to be excellent as less than 5% polymeric material
dissolved in tetrahydrofuran even after 24 h. More-
over, irrespective of concentration of curing agent, all
the coatings exhibited excellent adhesion to the mild
steel substrate as indicated by 5B rating. Curing
reaction of epoxy with acid curing agents resulted in
the formation of secondary hydroxyl and polar car-

Table 2: Chemical analysis of Si–S containing carboxyl curing agents

Product Acid value (mg of KOH/g) Iodine value (g of I2/100 g)

Theoretical Practical Theoretical Practical

Cardanol – 8.2 251.3 235.2
S-I 132.3 127.4 104.2 102.1
S-II 217.4 214.4 36.4 42.9

1.3
1.2
1.1

1
0.9
0.8
0.7
0.6dw

/d
Lo

gM
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1e1 1e2
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S-2
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– Peak : 1S-1

1e3 1e4

Fig. 2: GPC of products

Table 3: Molecular weight of products

Product Theoretical Mol wt. Practical Mol wt. PDI

S-I 848 700 1.60
S-II 1032 947 1.54
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bonyl ester groups. These polar groups attached with
hydroxyl groups present on the metal substrate
through secondary forces and were responsible for
improving adhesion of coatings. Gloss of the coatings
increased with an increase in concentration of curing
agent, and coatings cured with S-II exhibited higher
values of gloss than that of S-I counterpart. Two extra
functionalities in S-II resulted in a highly crosslinked
structure which may have been responsible for increas-
ing gloss values. In a similar manner, coatings cured
with S-II exhibited higher values of pencil hardness
and scratch hardness than those of the coatings cured
with S-I. Moreover, hardness improved with an
increase in concentration of curing agents. Owing to
the presence of four reactive carboxyl groups, coatings
cured with S-II resulted in a more crosslinked and rigid
polymer backbone as compared to the coatings cured
with difunctional S-I. Similarly, increasing concentra-
tion of curing agents increased crosslinking in coating
films and thus improved hardness of the coatings.
Despite its four functionalities, coatings cured with S-II
exhibited excellent flexibility and impact values. Fur-
thermore, it was observed that irrespective of type and
concentration of curing agents, all the coatings showed
good load distribution properties. This could be
attributed to the presence of two C15 aliphatic chains
present in the structure of curing agents, which
balanced the overall structure of coating and provided
excellent flexibility and impact resistance values. Fur-
thermore, water absorption studies revealed that coat-
ings cured with S-I showed slightly higher values of
water absorption. It was also observed that with
increase in concentration of curing agent, % water
absorption lowered. As explained earlier, four func-
tionalities of S-II resulted in a more dense, hard, rigid,
and compact structure than that of S-I, which subse-
quently reduced the passage of water through the
coating and thus exhibited lower water absorption
values. Water contact angle studies showed that with
the increase in silicon content, hydrophobicity of
coatings increased. In this case also, coatings cured
with S-II showed higher water contact angle than those
based on S-I (as shown in Fig. 3). The increase in water

contact angle could also be attributed to the presence
of long aliphatic chains in the main backbone of S-I
and S-II.

Chemical resistance

Chemical resistance of all the coated panels were
evaluated by acid, alkali, and boiling water immersion
method, and results are described in Table 5. For acid
and alkali resistance, coated panels were dipped in the
5% aq. NaOH and 5% aq. HCl solutions for 24 h and
inspected for any defect. It was observed that acid
resistance of all the coatings was excellent as no loss of
gloss, delamination, and blistering were observed on
coated panels irrespective of type and concentration of
curing agents. However, coatings dipped in alkaline
solution showed slight loss of gloss due to the saponi-
fication of ester groups generated after curing reaction
of epoxy with acid curing agents. In case of boiling
water resistance, coated panels showed no visual
defects even after 4 h of immersion, and all the
coatings exhibited excellent hydrolytic stability. Resis-
tance to solvents was evaluated by solvent double rub
method. Regardless of the type of curing agent and its

89.16

91.33

93.44

96.85
97.64 98.22

84

86

88

90

92

94

96

98

100

S-I-0.6 S-I-0.8 S-I-1.0 S-II-0.6 S-II-0.8 S-II-1.0

Water contact angle (°)

Fig. 3: Water contact angle of coated panels cured with S-I
and S-II

Table 4: Mechanical properties of coatings cured with S-I and S-II

Characterization S-I-0.6 S-I-0.8 S-I-1.0 S-II-0.6 S-II-0.8 S-II-1.0

Gloss@60� 95 ± 5 100 ± 5 105 ± 5 97 ± 5 105 ± 5 115 ± 5
Gel content (%) 94.21 95.67 96.71 95.32 95.57 96.85
Adhesion 5B 5B 5B 5B 5B 5B
Pencil hardness 5H 6H 6H 6H 6H 6H
Scratch hardness (kg) 2.0 2.3 2.6 2.8 3.1 3.3
Impact resistance (lbs in)
Intrusion 70.86 70.86 70.86 70.86 70.86 70.86
Extrusion 70.86 70.86 70.86 70.86 70.86 70.86

Flexibility (mm) 0 0 0 0 0 0
Water absorption (%) 1.25 0.86 0.62 1.14 0.74 0.56
Water contact angle (�) 89.16 91.33 93.44 96.85 97.64 98.22
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concentration, resistance to xylene and methyl ethyl
ketone for all the coatings was excellent as no loss of
gloss, bleeding, blushing, etching, or dissolution of
coating film was observed even after 200 rubs of each
solvent.

Anticorrosive properties

Corrosion resistance of all the coatings was analyzed
by salt spray test, Tafel analysis, and electrochemical
impedance spectroscopy. The presence of silicon and
sulfur affects barrier properties of the coatings. In

addition, polar groups and the number of reactive
functionalities also play important roles while evaluat-
ing the corrosion resistance.

SALT SPRAY TEST: Salt spray test was conducted in a
salt spray chamber maintained at 35�C as per ASTM
B117. All the coated panels were exposed to 5% aq.
NaCl solution for 1000 h. Figures 4a–4d and 5a–5d
show the salt spray images of coated panels before and
after 0, 500, 750, and 1000 h of exposure. Table 6
represents the average creep values and % area failed
of the coatings. For both S-I and S-II, no significant
corrosion spread was observed even after 750 h.

Table 5: Chemical properties of coatings cured with S-I and S-II

Coating Acid resistance Alkali resistance Hydrolytic stability Solvent resistance

Xylene MEK

S-I-0.6 No effect Slight loss of gloss No effect > 200 > 200
S-I-0.8 No effect Slight loss of gloss No effect > 200 > 200
S-I-1.0 No effect Slight loss of gloss No effect > 200 > 200
S-II-0.6 No effect Slight loss of gloss No effect > 200 > 200
S-II-0.8 No effect Slight loss of gloss No effect > 200 > 200
S-II-1.0 No effect Slight loss of gloss No effect > 200 > 200

At 0 h

At 750 h At 1000 h

At 500 h
(b)(a)

(c)  (d)

Fig. 4: Salt spray images of coated panels cured with S-I (a) at 0 h, (b) at 500 h, (c) at 750 h, (d) at 1000 h

J. Coat. Technol. Res., 17 (5) 1217–1230, 2020

1224



Moreover, corrosion resistance improved with the
increase in concentration of curing agents. Further,
after completion of 1000 test hours, coatings cured with
S-II exhibited slightly better resistance to corrosion
than those based on S-I. This could be attributed to the
higher concentration of sulfur and two additional
functionalities present in S-II, which increased the
barrier properties and improved corrosion resistance of
the coatings. Nevertheless, in all the coatings, no
delamination or etching of film was observed even
after 1000 h of salt spray test, suggesting superior
adhesion of coatings to the substrate. With increase in
concentration of curing agents, effective concentration
of silicon and sulfur increased, and at the same time,

crosslink density of the coatings also increased. All
these factors synergistically improved corrosion
resistance of all the coatings.

EL E C T R O C H E M I C A L I M P E D A N C E S P E C T R O S C O P Y:
Quantitative measurement of the corrosion resistance
was done by electrochemical impedance spectroscopy
and is shown in Fig. 6. It was reported that organic
compounds having two or more heteroatoms, such as
sulfur, nitrogen, and oxygen, and multiple bonds in
their molecular structure possess very good corrosion
inhibition efficiency.32–35 Moreover, these compounds
exhibit a synergistic effect when added together to
improve the anticorrosive properties significantly.36 As

(a) (b)

(c)  (d)

At 0 h

At 750 h At 1000 h

At 500 h

Fig. 5: Salt spray images of coated panels cured with S-II (a) at 0 h, (b) at 500 h, (c) at 750 h, (d) at 1000 h

Table 6: Average creep values and % area failed of the coatings

Coating After 500 h After 750 h After 1000 h

Creep values % area failed Creep values % area failed Creep values % area failed

S-I-0.6 8 9 6 7 5 5
S-I-0.8 9 10 7 8 6 4
S-I-1.0 9 10 8 9 7 8
S-II-0.6 9 9 6 6 4 5
S-II-0.8 10 10 8 9 5 5
S-II-1.0 10 10 8 8 7 6
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shown in Table 7, coatings cured with S-II exhibited
higher corrosion resistance values than those of the
coatings cured with S-I. Results revealed that coatings
cured with S-II provided more resistance to the
electrochemical reactions at the surface, thus
exhibiting superior anticorrosive properties.
Furthermore, with increase in the concentration of
curing agent, the resistance of the coating increases.
These curing agents have the ability to be adsorbed
onto the metal surface to block the active sites and
inhibit corrosion.37,38 In addition, the high values of
impedance could be related to the hard, rigid, and

compact structure of epoxy-ester polymer backbone,
presence of silicon, and multifunctional nature of
curing agents.

TAFEL ANALYSIS: Tafel analysis was carried out to
study corrosion parameters of coatings such as
corrosion potential, corrosion current, and corrosion
rate. Corrosive action of S-I and S-II could be
explained on the basis of adsorption. Both the curing
agents contain sulfur and oxygen heteroatoms as well
as pi-electrons in their structure. These curing agents
get adsorbed on the metal surface and form protective
layer with the help of heteroatoms and pi-electrons.
During the metal-coating interaction, heteroatoms
donate the electron charge into the empty d-orbitals
of the surface metal atoms. Protonation of heteroatoms
makes polymer backbone positively charged, whereas
due to adsorption of counter ions, metallic surface
becomes negatively charged. This results in
electrostatic force of attraction between coating and
metal surface which form a strong protective layer on
the metal surface and improve corrosion
resistance.39–45 Tafel studies were (as shown in Fig. 7)
observed to be consistent with the EIS measurement.
With increase in concentration of curing agents,
corrosion current and corrosion rate of coatings
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Fig. 6: Bode plots of coatings cured with S-I and S-II

Table 7: Corrosion resistance of coatings cured with S-
I and S-II

Coating Coating resistance

S-I-0.6 1.71E+09
S-I-0.8 1.43E+10
S-I-1.0 2.02E+10
S-II-0.6 6.39E+09
S-II-0.8 9.27E+10
S-II-1.0 2.91E+11
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were reduced (see Table 8). Moreover, coatings cured
with S-II showed slightly lower values of current than
that of S-I counterpart. In addition to inhibitive action
of S-I and S-II, the presence of hard and compact
structure, hydrophobic chains, and silicon atom
effectively restricted the flow of electrons through the
coating and improved barrier properties of the
coatings. As can be seen from corrosion rate values,
it was concluded that coatings cured with S-I and S-II
showed good anticorrosive properties.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out to study
the degradation behavior of coating films (as shown in
Fig. 8). As shown in Table 9, with increase in concen-

tration, initial decomposition temperatures of all the
coatings increased. It was also observed that initial
decomposition temperatures of coatings cured with S-
II were higher than those based on S-I. In addition,
irrespective of concentration of curing agent, no
significant variation in onset temperature of coatings
was observed. However, slight improvement in offset
temperature was likely to be seen due to the presence
of silicon moiety in the structure. The enhancement in
thermal stability could be attributed to the concentra-
tion of silicon atom as well as multifunctional nature of
curing agents that resulted in hard and compact
polymer backbone.

Consequently, % char layer of coatings increased
with an increase in concentration of curing agents. It
was observed that thermal stability and char yield of
coatings cured with S-II were comparatively higher
than those of coatings cured with S-I.

Flame retardant properties

Flame retardant properties of all the coatings were
evaluated by limiting oxygen index (LOI) and UL-94
tests. Flame retardant properties mainly depend on the
amount of silicon–sulfur, functionality of curing agents,
and polymer backbone structure. It was observed that
only marginal improvement in LOI of the coatings was
observed even when high concentration of silicon as
well as sulfur was used. As shown in Table 10, for a
particular formulation, although silicon content of S-I
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Fig. 7: Tafel plot of coatings cured with S-I and S-II

Table 8: Corrosion parameters of coatings cured with
S-I and S-II

Coating Ecorr (mV) Icorr (A) Corrosion rate (mm/yr)

S-I-0.6 � 1025.3 4.5E�06 7.40E�03
S-I-0.8 � 677.2 2.74E�07 4.50E�04
S-I-1.0 � 332.6 1.28E�07 2.10E�04
S-II-0.6 � 953.1 3.2E�06 5.26E�04
S-II-0.8 � 1016.2 9.7E�08 1.60E�04
S-II-1.0 � 224.3 7.47E�08 1.45E�04
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is higher than that of S-II, no significant improvement
was observed in LOI values. On the contrary, coatings
cured with S-II showed the highest LOI value of 21. In
a similar manner, UL-94 tests showed that flame
retardant properties improved with an increase in

crosslink density and concentration of silicon and
sulfur but could not achieve VTM-0 rating. Moreover,
irrespective of concentration of flame retardants,
dripping of flammable particles was observed during
the UL-94 tests. Overall, it can be concluded that the
presence of silicon–sulfur marginally improved flame
retardant properties of the coatings.

Biobased content

As per ASTM D6866-05, the biobased content of a
product is the amount of biobased carbon in a product
as a percent of the weight of the total organic carbon in
the product. The biobased content of epoxy-carboxyl
curing system could be estimated from the above
definition. Products SIL, S-I, and S-II were obtained
from the reaction of dichlorodimethylsilane (18.6%
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Fig. 8: TGA curves of coatings cured with S-I and S-II

Table 9: TGA values of coatings cured with S-I and S-II

Coating T5% (�C) Tonset (�C) Toffset (�C) Char yield (%)

S-I-0.6 240 305 399 5.74
S-I-0.8 243 313 429 24.8
S-I-1.0 267 309 403 48.2
S-II-0.6 297 351 443 29.2
S-II-0.8 300 363 450 47.3
S-II-1.0 335 365 453 63.1

Table 10: Flame retardant properties of coatings cured
with S-I and S-II

Formulation Limiting oxygen index UL-94

S-I-0.6 19 VTM-2
S-I-0.8 19 VTM-2
S-I-1.0 20 VTM-1
S-II-0.6 19 VTM-2
S-II-0.8 20 VTM-2
S-II-1.0 21 VTM-1
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carbon), cardanol (84.56% carbon), and thioglycolic
acid (26% carbon). As per reaction stoichiometry, SIL
contained 95.45% biobased carbon and accordingly S-I
and S-II had 89.26% and 80.60% of biobased carbon
content. Based on this, biobased content for all the
coating systems could also be evaluated, and it was
observed that typical biobased content of epoxy
(74.11% carbon)/S-I (89.26% carbon)/N,N-dimethyl-
benzene (79.33% carbon) systems ranged from 62.4 to
73.2%. Similarly for coatings based on S-II (80.60%
carbon), biobased content ranged from 47.8 to 60.2%.

Conclusion

Multifunctional carboxyl curing agents containing sil-
icon–sulfur were successfully synthesized via thiol-ene
coupling and confirmed with chemical as well as
spectroscopic analysis. Di- and tetra-functional curing
agents were mixed in various concentrations with
conventional epoxy resin and evaluated for the coating
properties. It was observed that all the coatings
exhibited satisfactory mechanical, chemical, optical,
and thermal properties independent of the type and
concentration of curing agents. Salt spray test revealed
that coatings cured with both the curing agents
survived 1000 h of salt spray exposure and exhibited
superior corrosion resistance. Electrochemical impe-
dance spectroscopy and Tafel analysis complemented
the same fact; however, coatings cured with S-II
showed slightly higher impedance values and lower
corrosion rates to that of S-I counterpart. Thermo-
gravimetric analysis revealed that coatings cured with
S-II showed higher offset temperatures and char yield
as compared to the S-I counterpart. The presence of
two additional functionalities in S-II might have
increased crosslink density and improved thermal
stability and other coating properties. In case of flame
retardant properties, irrespective of curing agents, only
marginal improvement was observed as evidenced by
LOI and UL-94 tests. Overall, coatings cured with
tetra-functional curing agent were observed to exhibit
better performance properties than those cured with
difunctional curing agent.
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