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ABSTRACT

Epoxy resins are widely commercialized in the market because of their important
applications such as adhesives, protective and decorative coatings. However, their usages
have brought in negative impacts on the environment since approximately 70% of the epoxy
resins are prepared from toxic petroleum-based precursor bisphenol. Great effort has been
made on the use of bio-based compounds to create an environmentally-friendly epoxy resin
industry. In this research, fully bio-based epoxy coatings were prepared from cardanol-
derived resins with furfurylamine (FA) or 1,8-Diamino-p-menthane (DAPM) as the curing
agent without the use of any solvent. Hydrophobization was realized by the addition of a
fluorine-free additive, polydimethylsiloxane (PDMS). The thermal-mechanical and
wettability properties of the coatings exhibited a strong dependency on the type of epoxy
resin and curing agent. The coatings were also assessed for their anti-icing and anticorrosion
performances. The fully bio-based NC514-DAPM coating showed a very low ice adhesion

strength at 55.0 £ 5.2 kPa. It also showed good anticorrosive properties as demonstrated in



its high corrosion potential and low corrosion current. Hydrophobization by PDMS was able
to further reduce the ice adhesion strength of the fully bio-based coatings by 32-38%,
however, its effect on the anticorrosion remains inconclusive due to the varying thicknesses

of the coatings.
KEYWORDS: cardanol; hydrophobic; corrosion; ice accretion; furfurylamine.

INTRODUCTION

Epoxy resins are well established in the market due to their various applications such as
adhesives, coatings, and electronic packing materials 2. The most important and widely used
epoxy resin is diglycidyl ether of Bisphenol A (DGEBA), which represents approximately
75% of the commercial epoxy resins 3.4 However, Bisphenol A (BA), the precursor of
DGEBA, is a compound obtained from petroleum sources. Therefore, the current epoxy resin

industry is greatly lacking of sustainability since it relies on BA.

An alternative to overcome the dependency on DGEBA is the preparation of epoxy resins
from biomass compounds. In recent years, epoxy resins have been prepared from different
kinds of bio-based sources such as vegetable oils > ¢, saccharides 7 ® and natural phenolic

compounds % '°. One of these bio-based phenolic compounds is cardanol, which is extracted

1.12

from the liquid of the cashew nutshell 1 For instance, Jaillet et al.'? studied the mechanical

and thermal properties of bulk thermosets based on cardanol. Kanehashi et al. prepared and
characterized the properties of cardanol-based epoxy coatings but no specific applications of

the coatings were studied '*. Moreover, cardanol resins have been used in the synthesis of

14,15 16-18

thermosets from epoxy blends and as tougheners in epoxy polymers



The preparation of hydrophobic cardanol epoxy polymers using ionic liquids has been
reported recently. However, there were no evaluations of their anti-icing and anticorrosion
performances . On the other hand, studies on the corrosion protection of cardanol epoxy
coatings have been carried out > 2! using non-bio-based curing agents. To increase the bio
content of the coatings, this research focuses on the study of anticorrosion and anti-icing
properties of hydrophobic cardanol epoxy coatings using bio-based curing agents. In the past
years, there is an increasing research activity in preparing hydrophobic coatings using bio-
based epoxies 22°, however, the bio content of these coatings is limited by the non-bio-based
curing agent. To the best of our knowledge, there have been very few reports on hydrophobic

thermosets using bio-based epoxy resins and bio-based curing agents 268,

In this work, two types of bio-based curing agents were studied, viz., furfurylamine (FA) and
1,8-Diamino-p-menthane (DAPM). FA is a derivative of furfural, obtained from
lignocellulosic biomass ». Despite the studies of FA as a curing agent since 1992 , attention
has been only paid to its use for the preparation of polybenzoxazines *'*. There has been
no report on the use of FA solely as a curing agent for the preparation of epoxy coatings. On
the other hand, DAPM is a derivative from the monoterpene limonene 35 and its use as a
curing agent for the synthesis of epoxy thermosets is rare *°. Thus, in the current study, we
will investigate the influence of the bio-based curing agents FA and DAPM on the
anticorrosion and anti-icing performances of cardanol-epoxy coatings. Effect of a
hydrophobic additive, polydimethylsiloxane, on the coating performances has also been

evaluated.
EXPERIMENTAL SECTION

Materials



Cardanol epoxy resins NC-547 and NC-514S (abbreviated as NC-514) were obtained from
Cardolite. FA, DAPM (85%, mixture of cis & trans isomers) and polydimethylsiloxane,
bis(3-aminopropyl) terminated (abbreviate as PDMS; average M, ~2500) were obtained
from Sigma Aldrich. All chemicals were used as received without any further purification.
Figure 1 shows the molecular structure of the bio-based compounds and PDMS. Among
many available hydrophobic additives, we choose PDMS because it is cheaper and non-toxic

in comparison with the fluorinated hydrophobic additives.
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Figure 1. Molecular structures of the bio-based epoxies (NC547, N514), bio-based curing

agents (FA, DAPM) and PDMS.



Synthesis of the bio-based polymer coatings

Two sets of samples were prepared. This first set of samples was prepared from the
combination of an epoxy resin and a curing agent: NC547-FA, NC547-DAPM and NC514-
DAPM. The second set of samples was prepared by adding in 10% (w/w) PDMS as
hydrophobic additive into the first set of samples. The samples with PDMS were denoted as

NC547-FA-PDMS, NC547-DAPM-PDMS and NC514-DAPM-PDMS, respectively.

To avoid the release of volatile organic compounds during coating processing, this study did
not use of any solvent. The epoxy resin and the curing agent were mixed with a spatula in a
stoichiometry ratio based on the epoxy equivalent weight (EEW) and amine hydrogen
equivalent weight (AHEW). The EEWs of the resins were obtained by titration and AHEWs
of the curing agents were calculated theoretically. For the preparation of the second set of
samples, PDMS was mixed with the mixture of the epoxy resin and curing agent. The mixture
was then degassed with the aid of an ultrasonicator. Thick coatings and thin coatings were
prepared by drop-casting method on Fe substrates. Curing was carried out at 180°C for 5.5
hours in a conventional oven. Thin coatings with thickness around 3-9 um were used
exclusively in electrochemical analysis, while thick coatings (thickness higher than 30 pm)

were employed for the rest characterizations and performance evaluations.

Characterization

The EEWs of the NC-547 and NC-514 were measured by titration following a standard

method (ASTM D1652).



Thermogravimetric Analysis (TGA) of the samples were carried out in a TGA Q500 (TA
Instruments). The samples with weights of approximately 10 mg were placed in alumina
crucibles and heated from room temperature to 600°C at 10°C/min under nitrogen flow (60
mL/min). Three measurements were performed for each sample and the data was analyzed

by the software TA Universal Analysis.

A DSC Discovery (TA Instruments) was used for studying the curing kinetics of the epoxy
resins. The samples were analyzed immediately after the preparation of the mixture. The
samples with weight around 1- 4 mg were encapsulated in hermetic pans and heated from
25°C to 300°C under nitrogen flow (50 mL/min). Four different heating rates (5, 10, 15 and
20 °C/min) were used for the analyses and at least two measurements were carried out for

each heating rate.

The measurement of the viscosity of the all formulations was carried on a rheometer
Discovery HR-3 (TA Instruments) using a parallel-plate geometry with a gap of 500 um at

25°C.

The identification of the functional groups of the coatings were performed by Fourier-
transform infrared (FTIR) spectroscopy. Coatings were tested in a FTIR MIR/NIR Frontier
(Perkin Elmer) in an attenuated total reflectance (ATR) mode. The analyses were conducted
in a wavelength range of 4000-600 cm™, with 32 scan accumulations and with a resolution

1

of 4 cm™. The baselines of the spectra were corrected by the software Spectrum

(PerkinElmer).

Static contact angles of 5 uL droplets of DI water, ethylene glycol and glycerol deposited on

the coatings were measured in an OCA 20 goniometer (Dataphysics). The surface energy



was calculated using the Neumann's equation of state 3 as provided in the software SCA 20
(Dataphysics). The water contact angle hysteresis was measured by the sessile drop method

in which the droplet volume was increased and reduced by 5 uL at a rate of 1 uL/s.

Dynamic mechanical analysis (DMA) was carried out in a DMA Q800 (TA Instruments)
with a deformation amplitude of 4 pm at 1 Hz. Due to the different stiffness, NC547-based
coatings were tested in compression mode while NC514-based coatings were evaluated in
tension mode. The pairs of polymers, NC547-FA and NC547-FA-PDMS, NC514-DAPM
and NC514-DAPM-PDMS, and NC547-DAPM and NC547-DAPM-PDMS, were heated
from -30°C to 150°C, -30°C to 100°C, and -20°C to 150°C, respectively. Three samples were

tested for each composition.

A surface profiler (KLA Tencor) was used to determine the thickness of the coatings. The
stylus of the profilometer runs across uncoated region to the coated region, and the difference

in height is the coating thickness.

Atomic force microscopy (AFM) was carried out in an AFM Cypher S (Asylum Research)
in tapping mode using a soft cantilever. Area of 20 x 20 um?* was scanned in three different

locations of each coating.

The ice adhesion of the samples was evaluated by measuring the shear strength to remove an
ice block formed on the surface of coating. The set up used for these measurements was the
same as that described before®® . The ice block was formed by placing a cap filled with water
on the surface the coatings at -20°C for 24 hours in an ice chamber (Cincinnati Sub-Zero
environmental chambers, USA). An adhesion tester placed inside the ice chamber was used

to measure the shear force necessary to remove the ice. The force was normalized by the area



of the ice block and reported in Pa. The reported ice adhesion for each sample was the average

of at least 3 measurements.

Electrochemical analysis was carried out in three-electrode cell in an electrochemical
workstation (CHI 660d, Shanghai Chenhua Instrument Corporation). The tests were
conducted in a 3.5% NaCl solution using Ag/AgCl and Pt as the reference and counter
electrodes, respectively. The coatings with area of 1 cm? were immersed in the electrolyte

for 1 hour before the experiment.
RESULTS AND DISCUSSION
Curing of coatings

The EEWs of NC547 and NC514 found by the titration methodology (ASTM D1652) were
786 gleq and 450 g/eq, respectively. These values were within the range of the EEWs of

NC547 (550-850) and NC514 (425-575) provided by the supplier.

The main functional groups of the precursors were identified by FTIR (Figure 2a). The
presence of the amino groups of the bio-based curing agents, FA and DAPM, was confirmed
by the appearance of the absorption band at ~1600 cm™'. The ether group of FA was also
identified and assigned to the absorption band at 1148 cm™’. The epoxy rings of NC547 and
NC514 were distinguished and associated to the stretching absorption band at 910 cm™ '3, In
the hydrophobic additive, PDMS, two kinds of vibration (stretching and bending) of the bond
C-H were identified and associated to the bands at 2963 and 1258 cm™, respectively *°. The

absorption bands of Si-O and Si-C were also found at 1011 and 789 cm’!, respectively.

ATR-FTIR analysis was also carried out on the surface of the bio-based coatings (Figure 2

b-d). Two main aspects can be highlighted from the FTIR spectra. First, all the coatings are



characterized by the presence of carbonyl groups after curing. The origin of the carbonyl
groups can be attributed to the thermal oxidation due to the presence of oxygen '*°, Second,
the conversion of the epoxy groups is different for each sample and depends on the kind of
epoxy resin. It is evident that the epoxy groups still remained after the heat treatment in the
samples NC547-FA, NC547-FA-PDMS, NC547-DAPM and NC547-DAPM-PDMS (Figure
2b and 2c, inset). However, epoxy groups were totally consumed during the curing reaction
in the preparation of the samples NC514-DAPM and NC514-DAPM-PDMS (Figure 2d,
inset). A possible explanation for the different degree of curing in the NC514-based coatings
and NC547-based coatings is the viscosity of the epoxy resins. Based on the product
information from the supplier, the viscosity of NC547 ranges from 20 to 50 Pa-s, while the
viscosity of NC514 varies from 10 to 35 Pa-s. The differences in viscosity between the
NC547-based and NC514-based formulations are shown in Figure S1. The results showed
that in the Newtonian region the viscosity of NC547-based formulations varied from 58 to
225 Pa-s, while the viscosity of NC514-based formulations changed from 2.4 to 3.5 Pa-s.
Since no solvent was used in the preparation of the coatings, the high viscosity of NC547
might have prevented the full reaction between epoxy and amino groups during the thermal

treatment.
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Figure 2. FTIR spectra of the a) precursors, b) coatings NC547-FA and NC547-FA-PDMS,
¢) coatings NC547-DAPM and NC547-DAPM-PDMS, and d) coatings NC514-DAPM and

NC514-DAPM-PDMS.

The degree of epoxy conversion of the coatings (@tcyq¢) is given in equation 1 *:

Lor—Icoat
Acoat = - Ie:oa (1)

where I, and I,,4; are the normalized intensity of the epoxy absorption peak (910 cm™) in
the epoxy resin and the coating, respectively. For comparison, two reference bands at 1581

and 1503 cm™' were used for the normalization. These two peaks can be assigned to the



stretching vibrations of aromatic carbon-carbon bonds that remain stable and unreacted
during the curing process*’. The 1503 cm™ reference band works well with NC547-DAPM
samples since there is no interference with other bands from DAPM or PDMS. Similarly, the
1581 cm! reference band works well with NC547-FA samples because of the non-
interference with other bands of FA or PDMS. As shown in Table 1, when comparing
samples without the hydrophobic additive PDMS, the degrees of epoxy conversion of the
samples NC547-FA and NC547-DAPM were similar regardless of the chosen reference band.
A similar effect in the epoxy conversion was also found in the samples with PDMS.
Moreover, the epoxy conversion was higher in the coatings containing PDMS than the ones
without. Due to its low viscosity (1.96 Pa-s), PDMS may have acted as a plasticizer and, thus,
promoting the reaction between the amino and epoxy groups. Another possibility is that
PDMS reacted with the epoxy groups, therefore, increasing the epoxy conversion rate. More

insights into the roles by PDMS will be discussed later based on DSC results.

Table 1. Various properties of the bio-based coatings.

Epoxy conversion (%) Surface
E. WCA
Sample Reference band Reference band o energy
M M (kJ/mol Epoxy) ®) 5
1581 cm 1503 cm (mJ/m?)
83.51 31.54
- +
NC547-FA 65 51 30.57 (£2.95) (&1.44) (+1.46)
75.68 32.35
NC547-DAPM 4 45.41 (4.7
©5 69 > 4L 8 (£3.53) (£3.29)
95.43 26.14
NC514-DAPM ~ ~ 46.43 (1.

e R RN sen o)
NC547-FA- 97.22 21.20
80 73 28.47 (+2.73

PDMS ( ) (£1.38) (£2.06)

NC547-DAPM- 100.19 20.34
+

PDMS 83 76 60.93 (£3.65) (x1.74) (£1.40)

NC514-DAPM- ~100 ~100 43.14 (£0.93) 114.00 13.25

PDMS (£0.63)  (£1.01)




Further analyses of the curing reactions were carried out through the calculation of the

activation energies by using the Kissinger equation +**°:

dln(q/Tﬁ) _ _Eg

()

where q, Tp, Ea and R are, respectively, the heating rate, peak temperature, energy of

2)

activation and the universal gas constant. It was found that some of the DSC curves of
reactions showed two exothermic peaks (Figure 3). The two peaks can be attributed to two
different reactions: the reaction between a primary amino group and the epoxy group, and
the reaction between a secondary amino group and the epoxy group *¢. Therefore, reaction
curves with two peaks were deconvoluted (inset, Figure 3) and the first peak was used for the
calculation of activation energies. Figure 4a shows the Kissinger plots and Table 1 lists the
E. values. When comparing samples without PDMS, the E. values of samples cured with FA
and DAPM were ~30 kJ/mol and ~45 kJ/mol, respectively. It is noticeable that the E, values
of samples containing PDMS were the same as those without PDMS for each kind of curing
agent. One exception was the E. of NC547-DAPM-PDMS that showed an increased

activation energy (57.75 kJ/mol) in comparison with that of NC547-DAPM (45.41 kJ/mol).
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Figure 3. Typical exothermic curve of the reaction between amino and epoxy groups. The
inset shows the deconvolution of the curve. Green curves are the resulted Gaussian curves;
dash read curve (largely overlaps with the black solid line) is the sum of the green Gaussian

curves.
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Figure 4. Kissinger plots for the calculation of the activation energies of a) the all the

coatings and b) the mixture of NC547 and PDMS.

The lower E, values of samples cured with FA in relation with those cured with DAPM can
be explained in terms of steric hindrance. FA has an amino group that is not sterically
hindered (which enables it to react freely). In contrast, DAPM has two amino groups in which
both are two carbon-carbon bonds apart from the methyl groups. Thus, DAPM is highly
hindered by the presence of the methyl groups. This difference in steric hindrance is the

reason that FA showed a lower E, in comparison with that of DAPM.

Moreover, the incorporation of PDMS did not change the E. values of the samples with the
same kind of curing agent. This suggests that the curing agent was the main component that

participated in the reaction with the epoxy groups. In addition, this result showed that PDMS



acted as plasticizer that promoted the reaction between the epoxy and amino groups as seen

in the increment of the epoxy conversion.

However, the E. value increased in the sample NC547-DAPM-PDMS, which indicates that
PDMS has participated in the reaction with epoxy groups in this exceptional case. This
reaction may have happened through the available amino groups at the end of the siloxane
chain. In order to prove this hypothesis, NC547 was mixed with PDMS in a stoichiometry
molar ratio and the energy activation was calculated from the Kissinger plot (Figure 4b). The
E. of NC547-PDMS was 100.77 kJ/mol, which is much higher than that of NC547-DAPM
(45.41 kJ/mol). The higher E, of the reaction of PDMS and NC547 was attributed to the
obstruction of the long siloxane chains that have prevented the encounter of the amino and
epoxy groups. Therefore, since the reaction between PDMS and NC547 was energetically
costly, the increment in the energy of activation of NC547-DAPM caused by the addition of
PDMS was because that PDMS also links with the epoxy resin. As a consequence, PDMS
not only acts as plasticizer in NC547-DAPM-PDMS but also as a curing agent. Finally,
despite the different activation energies of the six samples, the results suggest that viscosity
was the main factor that govern the degree of the epoxy conversion. The 5.5 hours curing
time was long enough to suppress the differences in the activation energies, and the final

epoxy conversion was the result of the viscosity of the mixture.

Wettability

The wettability properties of the coatings were assessed by measuring the water contact
angles (WCA) and surface energy (Table 1). In the absence of PDMS, all the samples were
hydrophilic (WCA < 90°) with the exception of NC514-DAPM (WCA= 95.43°). This result

can be explained by the percentage of epoxy conversion. The hydrophilicity of NC547-FA



and NC547-DAPM is due to the moderate concentration of the remaining epoxy groups
which can form hydrogen bonds with water. In contrast, NC514-DAPM was slightly
hydrophobic due to adequate exposure of the long carbon chains without the chemical
interference of unreacted epoxy groups. The same argument can be used for the explanation
of the surface energy of the PDMS-free coatings, where NC514-DAPM has the lowest
surface energy among the three coatings. On the other hand, the incorporation of PDMS has
caused the coatings to become hydrophobic (WCA > 90°) for all the NC547-based coatings.
Although epoxy groups still remained in the cured samples, the concentration of PDMS was
high enough to overcome the hydrophilic properties of the unreacted epoxy groups. In case
of the NC514-based samples, the addition of PDMS into NC514-DAPM caused the coating
to show a higher WCA (from 95.43° to 114.00°). This is a consequence of the increment of
the methyl groups of PDMS on the surface of the coating. The high concentration of PDMS
on the surface of NC514-DAPM-PDMS can be proved by its FTIR spectrum that resembled
that of PDMS (Figure 2d). This result suggests that certain amount of PDMS was present on
the coating surface. In all the cases, addition of PDMS was accompanied by the decrease of

the surface energy of the coatings (Table 1).

Thermal and mechanical properties

The thermal properties of the bio-based coatings were studied by TGA (Figure 5). The onset
temperature of decomposition (T4) and amount of residue of the samples are shown in Table
2. The Tq and the residue percentages of the coatings without PDMS decreased in the
following order: NC547-FA > NC547-DAPM > NC514-DAPM. In case of samples based on
NC547, the result suggested that FA provided better thermal resistance than that of DAPM.

This can be supported by the fact that aromatic compounds like FA are well known by their



high thermal resistance in comparison with non-aromatic compounds such as DAPM 45,
However, despite the better thermal resistance showed by FA in comparison with DAPM in
the beginning of the pyrolysis, the residue percentages of NC547-FA (11.19%) and NC547-
DAPM (10.74%) were quite similar. This is because the curing agents (FA and DAPM) were
mostly decomposed in the form of gases and the epoxy resin (NC547) remained as the major
component of the char. On the other hand, the effect of epoxy resin can be studied from the
Ta of NC547-DAPM and NC514-DAPM. The slight difference in the Tq of NC547-DAPM
(254.76 °C) and NC514-DAPM (247.57 °C) demonstrates that NC514 was slightly less
resistant than NC547. Nevertheless, a considerable difference in the residues between
NC547-DAPM (10.74 %) and NC514-DAPM (5.39 %) was noticed. This indicates that most
of the mass of NC514 was decomposed in the form of gases, which can be attributed to the
lower concentration of benzene rings of N514 (two benzene rings per molecule) in

comparison with that of N547 (five benzene rings per molecule).
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Figure 5. TGA thermographs of the epoxy cardanol-based coatings.



With the incorporation of PDMS, the Tq4 values of the samples followed the same order as
the ones without PDMS (NC547-FA-PDMS > NC547-DAPM-PDMS > NC514-DAPM-
PDMS), and all of them were lower than their PDMS-free counterparts. Therefore, the
reduction of the Tq values can be attributed to the early decomposition of PDMS. In addition,
the Tq results also demonstrate that FA imparted a better thermal resistance than DAPM in
the beginning of the pyrolysis. Moreover, the lower T4 value of NC514-DAPM-PDMS
(224.38°C) in relation to that of NC547-DAPM-PDMS (243.21°C) clearly shows that NC514

was less thermally resistant than NC547.

Although PDMS started to decompose early, much of the mass of PDMS in its decomposed
form remained after burning, and has increased the residue percentages. The residues of
NC547-FA-PDMS (20.93%) and NC547-DAPM-PDMS (20.07%) were quite similar and
supported the mechanism in which FA and DAPM decomposed firstly and the residues
mainly originated from the NC547 and PDMS. Moreover, the lower residue percentage of
NC514-DAPM-PDMS (15.63 %) in comparison with NC547-DAPM-PDMS (20.07%)

proves once again that NC514 degraded mainly in the form of volatile gases.

Table 2. Thermal and mechanical properties of the bio-based samples.

Residue

Sample Ta (°C) T, (°C) v, (mol/m?)
(%)

NC547-FA 288 (+1) 11 (+0) 31 (£2) 25 (+3)
NC547-DAPM 255 (£3) 11 (+1) 46 (+4) 24 (+4)
NC514-DAPM 248 (+3) 5 (20) 46 (+0) 45 (£1)

~ NC547-FA-PDMS 275(%2) 201l 30@1) 30 (#3)
NC547-DAPM-PDMS 243 (3) 20 (£2) 41 (£2) 28 (+4)

NC514-DAPM-PDMS 224 (£2) 16 (£2) 44 (£1) 36 (£2)




DMA was carried out to measure the glass transition and crosslink density of the bio-based
thermosets (Table 2). The glass transition (Tg) of the coatings was measured as the
temperature corresponding to the peak of the Tand (Ttans). The crosslink densities (v, ) of the

thermosets were measured according to the following equation:

Ve = T2 3)

where E is the storage modulus at the temperature T (T = 30°K + Trans) and R is the universal
gas constant 47, The T, values of the samples without PDMS showed a dependency on the
type of bio-based curing agent rather than on the type of epoxy resin. That is, the samples
cured with DAPM (NC547-DAPM and NC514-DAPM) had very similar T values (~46 °C),
while the sample cured with FA had a lower T, (31.28 °C). The difference in the Ty was
ascribed to the size and branched nature of the curing agents. Apart from being a molecule
bigger than FA, DAPM is a dynamic molecule that undergoes conformations and has bulkier
CH3- groups that can prevent the movement of the polymer network more effectively than
FA, and thus, the increase in the Ts. On the other hand, the incorporation of PDMS slightly
decreased the Ty values due to the flexible nature of PDMS that has softened the polymer

network.

The crosslink density values (v,) of bio-based coatings were also analyzed. Among the
samples without PDMS, the v, values of NC547-FA and NC547-DAPM were similar (~24
mol/m?), and lower than that of NC514-DAPM (44.60 mol/m?). The low and similar v,
values of NC547-FA and NC547-DAPM can be explained by the low and similar degree of
epoxy conversion (Table 1). Similarly, the NC514-DAPM exhibited a higher v, as the result

of the complete conversion of epoxy groups. After the incorporation of PDMS, v, of the



NC514-based samples decreased. This decrease in v, can be attributed to the hindrance
caused by the diffusion of PDMS to the surface during curing. That is, although PDMS did
not affect the degree of curing, its migration to the surface might have reduced the closeness
of the crosslink points, and therefore, decreased the crosslink density. On the other hand, the
effect of PDMS on the v, values of NC547-based coatings was not clear due to their similar
v, values. Nevertheless, if the measured v, of PDMS-NC547 samples are considered
significant, it is possible to indicate that NC547-based coatings showed slightly high v, value
with the addition of PDMS. Then, the slight increment in v, of NC547-based coatings can
be explained by the higher degree of curing that has yielded an increased number of chemical

bonds.

In addition of their higher v, values, NC514-based samples also showed higher Tand peaks
than NC547-based samples (Figure S2). The high Tano peaks of the NC514-based polymers
means that the coatings have a higher degree of viscous behavior than those of the NC547-
based polymers. This result can be explained in terms of the rigidity of the molecular structure
of the bio-epoxies. NC514 is more flexible due to the presence of two separated benzene
rings per molecule while NC547 is more rigid due to its five consecutive benzene groups per

molecule.

Anti-icing performance

The potential use of the coatings as protection against the formation of ice on the surface was
evaluated by measuring the ice adhesion strengths (Figure 6, Table 3). The results show that
all the coatings had a low affinity to the ice in comparison with the bare iron substrate.
Moreover, the coatings with PDMS showed a further lower ice adhesion strength than the

coatings without PDMS. Most researchers in the community have accepted the suggestion



that coatings with ice adhesion strength lower than 100 kPa can be considered as icephobic
48 Based on this definition, the bio-based coatings are icephobic since the average ice
adhesion strength of all the coatings was about 50 kPa. However, there are other suggestions
that icephobic coatings for real applications should have ice adhesion strengths lower than
10 kPa®. As discussed recently, it is not possible to have a fair comparison among the ice
adhesion test results reported in the literature due to the lack of a standard protocol*” >,
Different testing methods have been used under different sample and facility conditions. Thus,
the ice adhesion strengths of the bio-based coatings obtained in this study can be best
compared with coatings reported using the same ice-adhesion set up and conditions. The ice
adhesion strengths of the new bio-based films were better than the superhydrophobic
isosorbide-based coatings that exhibited ice adhesion strengths around 100 kPa*’, and

comparable to the hydrophobic bio-epoxy coatings with ice adhesion strengths around 50

kPa?®.

According to literature, various factors affect the ice adhesion of the coatings such as surface

51-53

topology, roughness, surface energy and wettability Therefore, the anti-icing

performances of the coatings were evaluated by comparing the surface properties (Table 3).
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Figure 6. Comparison of ice adhesion strength of the bio-based coatings.

The roughness of the coatings was assessed as the root mean square (RMS) of the heights of
the surfaces. The results show that all coatings are very smooth with RMS largely below 30
nm. With such a small roughness, the actual surface area is close to the nominal area. As
reported in the literature, properly designed surface topology with a high roughness in the
range of hundreds of nanometers might be suitable for anti-icing application as it can trap
much air on the surface structure ** 3, However, this mechanism is not operative in the ultra-

smooth coatings in the current work.

The lower ice adhesion strengths in the current work come from the lower surface energy in
comparison with the bare substrate. The WCAs of the coatings were higher than that of the
iron substrate (WCA=59.31 + 0.77°). Similarly, the better anti-icing performances of the
PDMS-containing coatings in relation with PDMS-free samples were ascribed to their higher
WCASs and lower surface energies (Table 1) 3. It is worth mentioning that although NC514-

DAPM was hydrophobic (WCA=95.43°) before the incorporation of PDMS, its surface



energy was not low enough to exhibit an ice adhesion strength value similar to those of the

PDMS-containing samples.

Contact angle hysteresis may have an influence on the anti-icing performances of the coatings
5657 Therefore, the water contact angle hysteresis data of the coatings were also assessed
(Table 3). The contact angle hysteresis (04— Or) of samples without PDMS were higher than
the samples with PDMS. This reveals that water affinity was higher on the surfaces of
coatings without PDMS. Moreover, the contact angle hysteresis in each series of samples
(coatings with/without PDMS) did not vary as significantly as in the surface energy
measurements (Table 1). Thus, apart from the surface energy properties, the contact angle
hysteresis may serve as an indicator of the ice adhesion strengths. Surfaces with low WCA
hysteresis has a better ability to repel water, therefore low ice adhesion strengths are expected

on this type of smooth surface.

The reduction of the contact angle hysteresis caused by PDMS can be attributed to its liquid-

like and smooth surface at the molecular level %

. A liquid-like surface is unable to hold a
liquid firmly and, therefore, causing the liquid to slide. The liquid-like surface of PDMS can
be attributed to the arrangement of methyl groups along the siloxane chain. The methyl
groups in PDMS are separated from each other by an oxygen bridge that can be considered
as a molecular spacer’®. This molecular space allows the methyl groups to have a free
movement that causes the formation of an unstable surface (liquid-like surface). Contrarily,
in the hypothetical case of the absence of the oxygen bridges, methyl groups would pack
better and, as a consequence, a more rigid molecular surface would form. In addition of its

liquid-like surface, PDMS also has a smooth molecular surface that relies on the uniformity

of the branches in the siloxane chain. The methyl groups constitute the main branches of the



siloxane chain and therefore, it creates a smooth surface that reduces the hysteresis. In case
of PDMS having different kinds of branches such as alternating methyl and octyl groups, the
surface would be rough at the molecular level and probably exhibiting a higher hysteresis.
The positive effect PDMS on anti-icing properties resembles that of the slippery liquid-
infused porous surfaces (SLIPS) ®°, which consists of porous surfaces impregnated with an
immiscible liquid. The low hysteresis of SLIPS comes from the thin hydrophobic liquid layer

that offers a defect-free and smooth surface at the molecular level °" 2.

Table 3. Ice adhesion values, RMS and 04 and 6r of water droplets.

Ice adhesion . . 0a-0r

Sample strength (kPa) RMS (nm) 0a (°) Or (°) ©)

Fe substrate 140.7 (£ 36.4) - - - -
NC547-FA 68.5 (£ 8.8) 8.61 (£ 1.33) 83.16 (£ 0.97) 46.33 (£ 0.93) 36.83
NC547-DAPM 55.6 (£2.9) 19.62 (£ 1.95) 86.56 (= 0.67) 51.54 (£ 1.18) 35.02
NC514-DAPM 55.0(x5.2) 8.51 (£ 2.58) 107.59 (= 0.31) 72.39 (£ 0.59) 35.2
~ NC547-FA-PDMS - 42,6 (+4.0) 2791 (+10.02) 104.92 (£ 0.81) 77.46 (+1.34)  27.46

NC547-DAPM-PDMS  36.9 (+ 2.6) 31.50 (£6.62)  102.95(£091) 7148 (1.03)  31.47
NC514-DAPM-PDMS 37.6 (£0.9) * 117.21 (£ 045) 85.85(£0.33) 31.36

* It was not possible to measure the roughness of NC514-DAPM-PDMS due to its soft surface that
prevented the AFM scanning.

Anticorrosion performance

The anticorrosion performance of the thin samples was assessed by calculating the corrosion
potential (Ecorr) and corrosion current (Icorr) from the Tafel curves (Figure 7). The Tafel curves
of the coatings shifted to higher potentials (Ecorr) and lower current densities (Icorr) in
comparison with the unprotected Fe substrate (Table 4). It is clear that all coatings (with or
without PDMS) are able to improve the corrosion resistance of the Fe substrate, as evidenced
by the much positive corrosion potentials and the ~2 orders of magnitude reduction in the

corrosion current densities. However, due to the varying viscosity, it was difficult to prepare



coatings with the same thickness for a better comparison, since the Ecorr and Ieorr Values can

be affected by the coating thicknesses.

The anticorrosion performance of the coatings can be analyzed from the point of view of
crosslink density and hydrophobicity. A high crosslink-density coating is generally
characterized by a reduced free volume of the polymer network that can block the diffusion
of the electrolyte better than a low crosslink-density coating %. Similarly, hydrophobic
surfaces are expected to have a better corrosion protection than hydrophilic surfaces because
of their low affinity with water . The Ecorr and Icorr values of the samples without PDMS
showed that NC514-DAPM and N547-DAPM had better anticorrosion properties than
NC547-FA. The higher Ecorr value and low Lo value of NC514-DAPM, despite its thinner

thickness, can be ascribed to its high crosslink density as well as its inherent hydrophobicity.
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Figure 7. Typical Tafel curves of the bio-based coatings.



Nonetheless, the explanation of the high Ecorr value and lowest Icorr value of NC547-FA was
not clear since the coating exhibited a low crosslink density and hydrophilicity. Therefore, it
is possible that the good anticorrosive properties of NC547-FA were caused by its higher
thickness. In case of NC547-DAPM, its low anticorrosion performance could be attributed
to its low crosslink density and hydrophilicity. Thus, corrosion data of the samples without
PDMS suggest that high Ecorr and low Leorr values were obtained when the coatings had higher

crosslink density and hydrophobicity.

There is a difficulty in thoroughly analyzing the influence of PDMS addition on the
anticorrosion performance because of different thicknesses obtained in this study.
Nevertheless, two pairs of coatings with similar thickness were compared. The first pair was
between NC514-DAPM (2.98 um) and NC547-DAPM-PDMS (2.72 um), and both were
hydrophobic. The hydrophocity of NC514-DAPM came from the surface exposure of the
long carbon chains while their hydrophobicity of NC547-DAPM-PDMS was caused by
siloxane chains of PDMS. Despite the fact that both of them are hydrophobic, the
anticorrosion performance of the coatings was different. NC514-DAPM had a higher Ecorr
and lower Lo than those of NC547-DAPM-PDMS. The difference in performance can be
ascribed to the different crosslink densities. As analyzed above, NC547-DAPM-PDMS did
not cure completely while NC514-DAPM did. Therefore, when hydrophobicity condition is
achieved in the coatings, crosslink density becomes an important factor on the anticorrosive
properties of the coatings. The second pair for comparison was NC547-FA-PDMS (7.28 um)
and NC514-DAPM-PDMS (7.57 um). Both were hydrophobic due to the presence of PDMS
but they showed different anticorrosion performance. NC514-DAPM-PDMS demonstrated a

better protection against corrosion than NC547-FA-PDMS. Since both of them were



hydrophobic, the crosslink density difference seemed to be the most reasonable explanation
for the different anticorrosion performances. As showed in Table 2, NC514-DAPM-PDMS
had higher v, value (35.95 mol/cm?) than that of NC547-FA-PDMS (29.89 mol/cm?). This
suggests again the anticorrosive properties of the hydrophobic coatings are affected by the
crosslink density. These results are similar to other recent results in which the importance of

balancing the hydrophobicity and crosslink density (barrier properties) of coatings was

highlighted %68,
Table 4. Corrosion data together with thickness values.
Sample Thickness Ecorr (V vs log (Ieorr Lo (A/cm?) x
(um) Ag/AgCl) (A/cm?)) 107
Fe substrate - - 1.00 (20.01) -4.10 (£0.11) 820 (x231)
NC547-FA 9.13 (£3.89) -0.49 (£0.05) -7.88 (x£1.64) 3.4 (£5.58)
NC547-DAPM 4.54 (£0.65) -0.54 (x0.04) -6.28 (£ 0.29) 11.13 (z 14.11)
NC514-DAPM 2.98 (x1.17) -0.49 (£0.09) -6.72 (£1.48) 5.85 (£3.05)
~ NC547-FA-PDMS 728 (+2.90)  -0.53 (20.05)  -6.25(20.20)  6.08 (+3.03)
NC547-DAPM-PDMS 2.72 (£0.73) -0.57 (x0.02) -5.76 (£0.20) 18.80 (£ 9.77)
NC514-DAPM-PDMS  7.57 (#4.60) -0.48 (£0.05) -6.95 (x0.03) 1.12 (£ 0.07)

CONCLUSIONS

The use of FA and DAPM as curing agents was explored in the preparation of new thermosets
coatings from bio-based cardanol-derived epoxy resins NC547 and NC514. The coatings
were also hydrophobized by incorporating PDMS, and their anti-icing and anticorrosion
properties were evaluated. Due to its low viscosity, NC514-based coatings exhibited a
complete consumption of the epoxy groups while the NC547-based coatings could not
achieve a full consumption, due to its higher viscocity. Samples became more hydrophobic

with the addition of PDMS. Both series of coatings (with and without addition of PDMS)



displayed sufficiently low ice adhesion strength (< 100 kPa), which makes them good
candidates for icephobic applications. The addition of PDMS has resulted in a further
reduction of the ice adhesion. The incorporation of PDMS might have mixed effects on the
anticorrosion performance. On the one hand, the increased hydrophobicity favors the
enhanced anticorrosion performance. On the other hand, this enhancement may be
compromised if the crosslink density of the coating remains low. Future clarification should
be carried out with a better-controlled thickness in the coatings. Finally, due to its inherent
hydrophobicity and fully bio-based content, NC514-DAPM is a promising solvent-free
coating formulation for anticorrosion and anti-icing applications. NC514-DAPM
demonstrated a low ice-adhesion strength at 55.0 + 5.2 kPa, and when coated on a Fe
substrate with a thickness of 3 um, the corrosion potential was shifted positively by 0.51V,

and the corrosion current density was reduced by 2 orders of magnitude.
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SYNOPSIS: Study of the anti-icing and anticorrosion properties of bio-based coatings

derived from bio-based epoxy resins and curing agents.
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