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Abstract A UV-curable cardanol-based monomer
(ECGE) was prepared using cardanol and epichloro-
hydrin, followed by epoxidation of the unsaturation in
alkyl side chains of cardanol segments. After its
chemical structure was confirmed by Fourier transform
infrared spectroscopy and proton nuclear magnetic
resonance (1H NMR), ECGE was used as a reactive
diluent to copolymerize with castor oil-based polyur-
ethane acrylate (PUA) and a series of UV-curable
coatings were prepared. Results showed that the
viscosity and volume shrinkage of the UV-curable
PUA system decreased significantly after the introduc-
tion of cardanol-based monomer while maintaining
reasonably high bio-renewable contents; when con-
taining 50% of ECGE, the biomass content reaches
66.2%, which is 1.41 times that of pure resin. In
addition, the coating properties were evaluated to

determine hardness, adhesion, flexibility, and water
resistance. The properties of UV-curable thermoset
were also studied using tensile testing, dynamic
mechanical thermal analysis, and thermogravimetric
analysis. The cardanol-based coatings showed excellent
adhesion, flexibility, medium hardness, and enhanced
char yield although tensile strength, tensile modulus
and glass transition temperatures were somewhat
diminished. All these performances can be attributed
to the unique architectures of ECGE that combined
the structural features of rigid benzene ring and long
flexible alkyl chains. The UV-curing behavior was
determined using real-time IR, and the results indi-
cated that the conversion of unsaturated bond was
increased with more concentration of ECGE.

Keywords Cardanol, UV-curable coating, Reactive
diluent, Castor oil

Introduction

Over the last few years, due to the concerns related to
energy consumption and environmental contamination
coupled with demand for lower volatile organic com-
pound (VOC) content, researchers have been actively
engaged in exploring and utilizing sustainable alterna-
tives to petro-based chemicals.1 Natural vegetable oils
are tri-esters of glycerol and fatty acids (saturated and
unsaturated),2 and are biosource-based candidates for
replacing petroleum derivatives in terms of both
economic and environmental aspects.3,4 Also, the
importance of using renewable resources has become
very clear from the standpoint of sustainability.5 In the
world of coatings, UV-curable technology has come to
occupy an important position,6 and offers advantages
of higher curing speed at ambient temperature, lower
energy consumption, less VOC emission and excellent
properties of the resulting products, such as high
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hardness, gloss, scratch and chemical resistance.7–9

Therefore, the combination of biomass feedstock and
environmentally friendly UV-curing technology has
being employed in the coating industry and provides
a ‘‘green + green’’ strategy to prepare the bio-based
UV-curing.10,11

Renewable resources, such as jatropha oil,12 soy-
bean oil,13,14 linseed oil,15,16 tung oil,17 cardanol,18–20

itaconic acid,21–23 betulin,24,25 and tannic acid,26 were
employed as raw materials for bio-based UV-curable
coating production via various chemical approaches.
For example, Li et al.27 prepared castor oil-based UV-
curable waterborne polyurethane acrylate (PUA) and
water resistance and glass transition temperature of
the films were improved. In our previous work, castor
oil-based UV-curable PUA was obtained with excel-
lent tensile properties and good hydrophobicity. How-
ever, to make up for the disadvantages of their high
viscosity and improve other performances, reactive
diluents, such as styrene, hydroxyethyl acrylate and
acrylic acid derivative,28 are usually added to address
the above issues. Recently, with the rapid development
of biomass resources, several studies were performed
to explore bio-based monomers for better performance
and higher bio-based content.29 Ma et al.30 synthesized
a bio-based monomer from gallic acid and the bio-
based content of crosslinked networks was more than
88%, showing higher gel content, crosslink density,
mechanical property and better coating properties. Dai
et al.11 reported on an unsaturated monomer (IG) from
itaconic acid with low viscosity and high UV reactivity,
resulting in improved thermal properties as well as
coating performances. However, there is interest in
reducing or eliminating the high level of volume
shrinkage produced during the UV-curable polymer-
ization process, especially for certain applications that
require strict dimensional stability, such as 3D printing
and dental composites.31–33

Cardanol is a non-edible and low-cost phenolic oil,
generated from cashew nut shell liquid (CNSL), which
is regarded as one of the valuable renewable re-
sources.34 Owing to its unique structure, which includes
the hard aromatic structure, a reactive phenolic
hydroxyl group and a C15 unsaturated aliphatic chain
with some C=C bonds, it has been widely used in
various applications such as reactive additives,34–38

coatings,39–41 plasticizers,42 flame retardants,43 pheno-
lic foams44 and so on. Although there are many reports
about the application of cardanol derivatives, it has
never been used as diluent for UV-curable PUA as far
as we know. Shrinkage will produce during the UV-
curing polymerization for most types of monomers,
and this is an important problem in applications. It is
well known that cationic monomers may counteract
the shrinkage during UV-curing polymerization.31

Thus, with the aim to reduce the amount of volumetric
shrinkage and develop a high bio-based content UV-
curable coating from renewable resource, a cardanol-
based cationic reactive diluent was synthesized and
copolymerized with a free radical UV-curable poly-

mer. The effects of free radical and cationic photoini-
tiators were studied, as were the mechanical
properties, thermal properties, coatings performance,
and curing kinetics.

Experimental

Materials

The castor oil-based PUA was synthesized according
to our previous work (Scheme 1).45 Cardanol
(MD5036) was kindly supplied by Shanghai Meidong
Biological Materials Co., Ltd. (China). 2-Hydroxy-2-
methylpropiophenone (Darocur 1173) (98%), and
benzyltriethylammonium chloride (BTEAC) (99%)
were supplied by Sahn Chemical Technology Co.,
Ltd. (Shanghai, China). Epichlorohydrin (ECH)
(‡ 99.0%) was obtained by Shanghai Titanchem Co.,
Ltd. (China). Hydrogen peroxide (30%) was provided
from Tianjin Dingshengxin Chemical Co., Ltd. (Chi-
na). Sulfuric acid, sodium hydroxide (‡ 96%), anhy-
drous magnesium sulfate, hydrochloric acid,
methylbenzene and acetone were bought from Nanjing
Chemical Co., Ltd. (China). Triaryl sulfonium salt
(‡ 99.85%) was purchased from Nanjing Jiazhong
Chemical Technology Co., Ltd. (China).

Characterization

The Fourier transform infrared spectrum was recorded
with a Nicolet iS10 spectrometer (Thermo–Fisher
Corporation, USA) equipped with Smart ARK acces-
sory for liquid samples. The 1H-NMR was performed
on a DRX-300 Advance NMR spectrometer (Bruker
Corporation, Germany) with deuterated chloroform
(CDCl3) as a solvent. The viscosity measurements for
all the liquid resin samples were measured by the
DVS + digital display viscometer coupled with a small
sample adapter at 30�C (Brookfield Corporation,
USA).
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Scheme 1: Synthetic route of PUA
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The measurements of volumetric shrinkage were
carried out on a ZMD-2 electronic automatic density
meter (Shanghai Fang Rui Instrument Corporation,
China) by determining the densities of the liquid
systems before and after curing (q0 and qc) at room
temperature. The overall volume shrinkage (DV) was
calculated from the obtained densities according to the
equation:

DV ¼ qc � q0
qc

� 100%

The gel contents of the UV-cured samples were
tested using Soxhlet extraction. The samples with a
mass of around 0.50 g were weighed precisely (W0),
then extracted with acetone for 24 h, and finally dried
in a vacuum oven at 60�C for 24 h and weighed (W1).
The gel content was determined to be W1/W0.

Dynamic mechanical analysis (DMA) was carried
out on a STA 409 PC/PG analyzer in stretching mode.
All the cuboid specimens with the dimensions of
80 mm 9 6 mm 9 1 mm were tested from �80 to
150�C at a heating rate of 2�C/min and a frequency
of 1 Hz. Thermogravimetric analysis (TGA) was per-
formed on a STA 409PC thermogravimetry instrument
(Netzsch Corporation, Germany). Samples with a
weight of 5–10 mg were heated with the scanning
range from 25 to 600�C. The scanning rate was 15�C/
min under nitrogen as purge gas, and the flow rate was
set as 100 mL/min.

Mechanical property tests were measured by SANS7
CMT-4304 universal tester (Shenzhen Xinsansi Jiliang
Instrument Corporation, China) according to the
procedure specified in ASTM D638–2008. Dumbbell
specimens with a gauge length of 7.62 mm were
measured at a cross-head speed of 1.0 mm/min at
25�C. The dimensions of specimens were 62.5 mm 9
9.53 mm 9 3.18 mm. The average value of five mea-
surements for tensile properties of each sample was
reported.

The water contact angles (WCAs) of samples were
performed on a DSA100 instrument from KRÜSS
GmbH (Hamburg, Germany) by placing 10lL droplets
of deionized water on the films surface. The films were
fabricated by dropping resin/acetone solution onto
glass substrates and cured by UV radiation for 5 min.
The obtained values of each sample were reported as
the average of ten measurements for accuracy.

The adhesion tests were measured by an adhesion
test machine (Tianjin Shiboweiye Glass Instrument
Corporation, China) according to GB1720–79 (89).
Typically, the prepared tinplate sheets were fixed on
the substrate of the adhesion test machine, circled
clockwise in a distance of 7–8 cm, and rated with a
magnifying glass. The adhesion class was from 1 (best)
to 7 (worst). Pencil hardness was performed using a
QHQ-A pencil hardness tester (Tianjin Litengda
Instrument Corporation, China) according to GB/T
6739–1996. By placing the coated tinplate sheets

horizontally, the pencil hardness tester was fixed with
a pencil of known hardness and then pushed along the
coating surface within a speed of about 1 mm/s. The
rate of each sample was determined until the film was
not scratched at least two times. The hardness con-
tained the class of 6H, 5H, 4H, 3H, 2H, H, HB, B, 2B,
3B, 4B, 5B, 6B (6H is the hardest and 6B is the softest).
The flexibility was evaluated using a QTY-32 paint film
cylindrical bending machine (Tianjin Litengda Instru-
ment Corporation, China) according GB/T 1731–93.
When measuring the tinplate sheets were fixed on
cylindrical shafts of the bending machine with a
specified diameter and then bent. The grade of
flexibility was determined according to the diameter
of the used shaft, which involves 2, 3, 4, 6, 8, 10, 12 mm,
etc. (the smallest, the best).

The water resistance measurements were taken by
the following procedure. After drying in an oven at
100�C for 24 h, the cured coating soaked in deionized
water for 72 h at room temperature. Then, the
immersed samples were wiped dry and were deter-
mined according to following equation:

Water absorption ¼ W1 �W0

W1
� 100%

where W1 is the weight of the coating after being im-
mersed in water, and W0 is the initial weight of the
coating before being immersed in water, respectively.

The photopolymerization behavior was determined
by the real-time infrared (RT-IR) spectra. The exper-
iments were performed using a modified Nicolet 5700
spectrometer (Thermo–Nicolet Instrument Corpora-
tion, USA). The C=C conversion was calculated by the
absorption of the peaks at around 810 cm�1. The
degree of double-bond conversion (DC) was calculated
by the following equation:

DC% ¼ ðA0 �AtÞ
A0

� 100

where A0 is the initial peak area before irradiation, and
At is the peak area of the double bonds at t time.

Synthesis of epoxidized cardanol glycidyl ether
(ECGE)

Cardanol glycidyl ether (CGE) was synthesized
according to a one pot by two steps reaction, which is
illustrated in Scheme 2.46 In a 500 ml flask, 75 g
(0.25 mol) of cardanol, 154.0 g (16.5 mol) of ECH
and 2.6 g of catalyst BTEAC were put into a flask
equipped with a mechanical stirrer, a spherical con-
denser and a thermometer. The mixture was stirred for
4 h at 100�C, then cooled to 70�C, then followed by
addition of 13.4 g NaOH in batches, and reacted for
another 4 h in 70�C. Then, the crude product was
washed with hot water for several times and then the
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organic phase was distilled by rotary evaporator to
recycle the ECH. Then, the CGE was obtained as
reddish brown viscous liquid.

Epoxide cardanol glycidyl ether (ECGE) was syn-
thesized through further epoxidation of double
bonds.29 Next, 32.5 g (0.09 mol) of CGE, 8.3 g
(0.18 mol) of formic acid, 8.8 g (0.09 mol) of H2SO4

and 90ML toluene were mixed together in a four-
necked round-bottom flask equipped with a mechan-
ical stirrer, thermometer sensor and reflux condenser.
Then, the mixture was heated to 40�C and 102.0 g
(0.90 mol) of 30% H2O2 was added dropwise. Then,
the crude product was washed with saturated sodium
bicarbonate and deionized water, respectively. The
remains of water were distilled under vacuum, and
ECGE was obtained.

Preparation of the UV-curable coatings

The detailed formulations of the UV-curable systems
are shown in Table 1. In our experiment, Darocur 1173
and triaryl sulfonium salt were used as the photoini-
tiator. PUA, ECGE and photoinitiator (4% relative to
the total weight of mixture, the relative amounts of the
two photoinitiators were 2%, respectively) with the
desired weight ratios were added into a 100 mL
beaker, followed by stirring for 20 min at room
temperature to form a homogenous system and
centrifuged to remove air bubbles and then poured
into homemade polytetrafluoroethylene (PTFE) molds
or coated on polished tinplate sheets. Finally, the resins
were cured by an Intelli-Ray 400 W UV light-curing

microprocessor (Uvitron International Corporation,
USA) with exposure intensity of 100 mw/cm2 at
25.0�C for 20 min for samples in PTFE (thickness
were 3.0 mm) and for 5 min for samples on tinplate
(thickness were 75 lm). The coating properties in
terms of hardness, flexibility, adhesion and water
resistance were investigated on the tinplates substrate.
All the cured samples were kept in a glass desiccator at
room temperature for a week before tests.

Results and discussion

Structure characterization of ECGE

The chemical structure of ECGE was determined by
FTIR and 1H NMR. The FTIR technique was
employed to study the structures of cardanol, CGE
and ECGE as depicted in Fig. 1. In the spectrum of
cardanol, there are several typical peaks: phenolic
hydroxyl group (3339 cm�1); C–H stretching of the
inner unsaturated moiety (3009 cm�1); methyl, methy-
lene and methine groups (2925 and 2854 cm�1); C=C
on aromatic ring (1600, 1486 and 1448 cm�1).38 In the
spectrum of CGE, there are also some characteristic
peaks: methyl and methylene (2925 and 2854 cm�1),
C–H stretching of the inner unsaturated moiety
(3009 cm�1), C–O–C stretching vibration
(1046 cm�1), the ring deformation and C–O stretching
characteristic peak of the epoxy group (850 and
913 cm�1). Two obvious changes are observed in the
spectrum of CGE. First, the peak of phenolic hydroxyl
group at 3339 cm�1 is absent because of the conversion
to glycidyl ether. Second, the characteristic features of
the epoxy group are found at 850 and 913 cm�1.
Furthermore, the typical peak of the C–H stretching of
the unsaturated moiety still exists. These indicate that
cardanol had been converted into CGE. Compared
with CGE, the peak at 3009 cm�1 disappears in ECGE,
meaning the double band on side chain was trans-
formed into epoxy groups.47

Figure 2 displays the 1H NMR spectra of cardanol,
CGE and ECGE, respectively. The characteristic
peaks at 6.7-7.2 ppm corresponded to the protons on
the benzene ring. Compared to the spectra of cardanol
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Table 1: The formulations of UV-cured PUA-ECGE resins

Samples Weight ratio (%) Bio-based content (wt%) Gel content (wt%)

Diluent PUA Photoinitiator

PUA 0 96 4 46.9 86.4
PUA-ECGE10 10 86 4 50.8 81.6
PUA-ECGE20 20 76 4 54.7 76.8
PUA-ECGE30 30 66 4 58.5 70.7
PUA-ECGE40 40 56 4 62.4 69.0
PUA-ECGE50 50 46 4 66.2 61.0
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(Fig. 2a) and CGE (Fig. 2b), it can be clearly seen that
the peak at 5.2–5.4 ppm of ECGE (Fig. 2c) corre-
sponding to the proton of –CH=CH– almost disap-
peared. It indicated that the unsaturated double bonds
on the side chain have been converted. Additionally,
the new peaks at 2.8, 3.3, and 4.1 ppm indicate the
existence of glycidyl ester in CGE and ECGE. Addi-
tionally, the peaks at 2.9–3.1 ppm corresponding to the
proton of the –CH–O–CH– groups have appeared on

the 1H NMR spectrum of ECGE, also indicating the
occurrence of epoxidation. Furthermore, the changed
chemical shift of the peaks at 1.3–1.8 ppm also
supports the formation of epoxidized groups.38

Bio-based content of the UV-curable coatings

The bio-based content was defined by the United
States Department of Agriculture as ‘‘the amount of
bio-based carbon in the material or product as a
percent of the weight (mass) of the total organic
carbon in the product.’’ In the case of this study,
cardanol and PUA were considered to be bio-based
chemicals, whereas ECH was a petroleum-based one.
The calculated bio-based content of PUA, ECGE, and
photoinitiator were 48.9%, 87.5%, and 0%, respec-
tively, and the results are listed in Table 1. The highest
bio-based content of the oligomer was 66.2%, which
are reasonably high as bio-renewable products.

Viscosity

Generally, a diluent needs to be added to reduce the
viscosity of the initial mixture and improve the
processability of the resin. The viscosities of the
formulations were investigated as shown in Fig. 3a.
With increasing the content of ECGE 0% to 50%, the
viscosity values remarkably decreased from 9040 to
1587 cP. As expected, ECGE effectively reduced the
viscosity of the PUA oligomer and the lower viscosity
of ECGE will undoubtedly play a positive role in
improving the overall performance.

UV-curing behaviors of the UV-curable bio-based
coatings

The carbon–carbon double-bond conversion along
with UV-curing time for the PUA-ECGE systems
was determined by monitoring the peak intensity
change at around 810 cm�1 in RT-IR spectroscopy,
and the results are illustrated in Fig. 4. The measure-
ment can provide useful information on the photo-
polymerization rate as well as the final conversion of
the functional groups. While the plateau value gives
the final epoxy group conversion, the slope of the curve
gives an indication of polymerization rate. From
Fig. 4a, it is easy to notice that the carbon–carbon
double-bond conversion degrees for all the systems
were increased sharply to above 60% within the initial
30 s, which indicated the high UV-curing activities of
the system. It was observed that the photopolymeriza-
tion rate of the formulations with different concentra-
tion of ECGE, during the first 15 s of irradiation, was
very similar to photopolymerization rate of pristine
epoxy resin. The pristine PUA resin displayed rela-
tively low reactivity achieving 75% conversion in 600 s.
Formulations with higher concentrations of ECGE
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displayed enhanced conversions obtaining 85%, as a
result an increase in photopolymerization rate and
epoxy group conversion is achieved. This behavior can

be ascribed to the delay of vitrification of the
crosslinked UV-curable network due to the flexible
nature of the diluent produced by the epoxy-ring
opening copolymerization of the ECGE and the
flexibilization effect was evaluated by DMA analysis
in the above.48 The delay results in higher mobility of
the reactive species and consequently higher conver-
sions.31,49 The conversion of the epoxy group of the
monomer ECGE by the time was also measured. As
shown in Fig. 4b, the conversion of the epoxy group
(the conversion was calculated by the absorption of the
peaks at around 1250 cm�1) gradually improved as the
time increased from 10 to 30 min. In this hybrid curing
system, free radicals and cations were polymerized at
the same time, which not only had a synergistic effect
when cured, but also formed two kinds of polymer
network interpenetrating structures after curing.50

Volumetric shrinkage of the UV-curable coatings

The results of volumetric shrinkage are depicted in
Fig. 3b. It is well known that the shrinkage in cationic
ring opening polymerization of epoxy resins is gener-
ally lower than in other types of polymerization.31

Obviously in Fig. 3b, the volumetric shrinkage of the
UV-curable PUA-ECGE reveals a reducing tendency
from 4.9% to 3.9% with the increase in ECGE content
up to 40%; therefore, the volumetric shrinkage
demonstrates a slight increase to 4.1% as ECGE
content increased to 50%. These results were attrib-
uted to the following reasons. First, the benzene ring
and flexibility of ECGE might augment the distance
between molecules and lead to lower shrinkage.
Second, lower double-bond concentration will lead to
lower volumetric shrinkage.32 All the volumetric
shrinkage of PUA-ECGE resins were lower than that
of pure resin because of the lower double-bond
concentration. The prepared ECGE could efficiently
reduce the shrinkage to as low as 3.9%.
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Gel contents of the UV-curable coatings

Gel content is one of the crucial factors to determine
the performance of coatings. Table 1 shows the gel
content values for different UV-curable PUA-ECGE
systems. As can be seen, the cured PUA-ECGE
systems exhibited a gel content that ranged from
86.4% to 61.0%. The higher ECGE content led to the
lower gel content and the result might be owed to the
decreased crosslink density after the ECGE was
introduced.

Tensile properties

The tensile properties are summarized in Table 2. The
elongation at break of all samples was below 7%,
indicating that they possessed the characteristics of
rigid materials.11 It is easy to notice that the tensile
strength and modulus of PUA-ECGE systems were
decreased after the ECGE was added, the tensile
strength revealed a reducing tendency from 7.1 to
0.7 MPA and the tensile modulus exhibited reducing
trend from 115.9 to 7.5 MPa along with the increase in
the ECGE content up to 50%. Meanwhile, the elon-
gation at break demonstrated an increasing trend with
the increase in ECGE content. These results demon-
strate that materials with varied performance could be
easily obtained by adjusting the molar ratio of ECGE
with commercial diluents. As we know, the lower
crosslink density always results in decreased strength,
modulus and brittleness. When the content of ECGE
was increased further, their tensile properties were
reduced accordingly. The reason might be the de-
creased crosslink density and flexibility of the cured
systems after the addition of ECGE, which was in line
with the above results.

DMA of the UV-curable bio-based coatings

Figure 5 presents the DMA curves of the changes of
storage modulus and tan d with temperature for the
UV-cured PUA-ECGE resins; the values of modulus
at 25�C and glass transition temperature (Tg) are listed
in Table 2. As shown in Fig. 5a, it is quite clear that the
storage modulus (25�C) of the cured biomaterial
reduced sharply with the increase in ECGE content.
This is a result of the introduction of ECGE decreasing
the number of C=C bonds of the copolymers, and
resulting in the decreased crosslink density of the
copolymers.

The Tg of the UV-cured PUA-ECGE was deter-
mined from the maximum of tan d curves shown in
Fig. 5b. The Tg of crosslinked polymer is mainly
dependent on its chain segment’s chemical structure
and crosslink density. It can be seen that all the cured
resins displayed Tg ranging from 4.4 to �19.4�C with
increasing ECGE content, indicating the improvement
in flexibility with the incorporation of ECGE. The pure
PUA exhibited the highest Tg (4.4�C) because of the
higher crosslink density (Table 2). It should be noted
that the peaks of tan d curves in Fig. 5b gradually
broadened with the increase in ECGE concentration
and the shoulder peak appeared, indicating the possi-
ble existence of phase separation.51 Meanwhile, it is
quite clear that Tg declined with the introduction of
ECGE. On the one hand, the introduction of ECGE
decreased the number of C=C bonds in PUA-ECGE
systems; on the other hand, the addition of ECGE
weakened the attraction between the COPUA chains,
increased the distance between them, and reduced the
Tg of the cured material, resulting in the decreased
crosslink density for the cured resins. The following
equation is employed to calculate the crosslink density
(me) of the PUA-ECGE resins:

Table 2: Mechanical and DMA properties of the UV-cured PUA-ECGE resins

Samples ra (MPa) Eb (MPa) ec (%) E¢d (MPa) Tg
e (�C) me

f /103 (mol/m3)

PUA 7.1 ± 0.24 115.9 ± 11.3 2.3 ± 0.1 242 4.4 9.59
PUA-ECGE10 5.7 ± 0.16 74.1 ± 2.4 3.0 ± 0.2 152 �0.9 5.44
PUA-ECGE20 4.6 ± 0.42 47.8 ± 5.4 3.6 ± 0.3 126 �4.4 3.86
PUA-ECGE30 2.8 ± 0.23 19.0 ± 0.8 4.8 ± 0.5 90 �13.1 3.45
PUA-ECGE40 1.8 ± 0.24 11.0 ± 0.7 6.1 ± 0.7 32 �19.3 0.95
PUA-ECGE50 0.7 ± 0.06 7.5 ± 0.7 6.2 ± 0.1 22 �19.4 0.33

aTensile strength
bTensile modulus
cElongation at break
dStorage modulus at 25�C
eGlass transition temperature by DMA
fCrosslink density
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me ¼
E0

3RT

where E¢ is the elastic modulus of the cured resin in its
rubbery plateau region (E¢ in the rubbery plateau
region was determined at 80�C for all the samples in
this work), T is the absolute temperature and R is the
universal gas constant. The calculated crosslink density
for the cured resins is summarized in Table 2. The
crosslink density of the cured resins was decreased with
the addition of ECGE. The cause of this phenomenon
was that not only ECGE introduction decreased the
number of C=C bonds of the bio-resins, but also the
molecular segmental mobility and the soft segment
density increased, generating the cured bio-resins with
decreased crosslinking density.

Thermal properties of the UV-curable bio-based
coatings

The TGA curves for the UV-cured PUA-ECGE
systems under nitrogen are shown in Fig. 6, and the
corresponding data are summarized in Table 3. Obvi-
ously, all of the cured resins were thermally stable at
temperatures lower than 306�C and rapidly decom-
posed at 320–480�C. The initial weight loss was
attributed to the removal of the residual uncured low
molecular weight components. As can be seen from
Table 3, Ti of the PUA-ECGE system was decreased
slightly with the increasing ECGE content, while the
char yield at 790�C (wchar) was increased. As we know,
the epoxy bond has a tendency to be easily cleaved and
more benzene rings usually result in a higher char yield
under elevated temperature.10 Therefore, the de-
creased Ti and increased wchar of the PUA-ECGE
system is reasonable because of the increased epoxy
groups and benzene rings after the addition of ECGE
in the systems.

Coating Properties of the UV-curable bio-based
coatings

The coating properties in terms of pencil hardness,
adhesion, flexibility and water resistance of the cured
PUA-ECGE systems on tinplate sheets were investi-
gated and the results are summarized in Table 3.
Obviously, after the introduction of ECGE, the pencil
hardness of the UV-cured coatings was decreased from
HB for the pristine PUA system to 4B for the PUA-
ECGE50 systems. The reason might be that the rigidity
and the intermolecular force of the UV-cured copoly-
mers decreased with the increasing ECGE. The adhe-
sion of PUA-ECGE copolymers was as high as 1,
which was the highest grade of adhesion according to
the GB1720–79 (89) crosshatch adhesion method. The
flexibility of all the coatings performed at the highest
level, which may be due to the flexible long soft
aliphatic chain of ECGE.
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Water resistance is one of the important factors to
determine their application. The PUA-ECGE copoly-
mers are expected to be less sensitive to moisture, and
their properties will be unaffected by the absorbed
moisture. As shown in Table 3, the water resistance
was enhanced with the increasing content of ECGE
and exhibited excellent water resistance. This was
because the water resistance not only has a relationship
with the crosslink density of the network, it also has
close ties with the chemical structure of the network.
Although the PUA-ECGE50 system has the lowest
crosslinking density compared with the pristine PUA,
it possesses the strongest intermolecular force from the
greatest number of epoxy groups, corresponding to the
good water resistance.

Proposed dual-curing mechanism

To obtain an accurate pathway for the dual-curing
process of PUA-ECGE system, we referenced the
mechanism of free radical as well as the mechanism of
cationic. In the presence of mixed photoinitiators and
UV, the allyl and epoxy groups underwent double-
bond polymerization and ring opening reaction, gen-
erating free radicals and cations.52 Combined with the
results of RT-IR, we believe that active cations
promote free radical photopolymerization to some
extent. Finally, the interpenetrating networks (IPNs)53

were formed by the reactive radicals and active cations,
which can effectively reduce the volume shrinkage.

Conclusions

In this work, a UV-curable monomer (ECGE) was
synthesized using renewable cardanol as raw materials
and bio-based coatings were produced from ECGE
and castor oil-based PUA with the dual cure (radical
plus cationic) mechanism; the coating properties were
then characterized in detail. The results demonstrated
good UV-curing reactivity (85%), reasonably high bio-
based content (66.2%), low viscosity (1587 cP) and less
volume shrinkage (4.1%) when containing 50% of the

ECGE. The mechanical and thermal properties as well
as coating performance of the PUA-ECGE coatings
were changed after introducing ECGE. The ECGE
showed great potential in the application of UV-
curable coatings due to their excellent overall coating
performances and bio-renewable characteristics. This
study provided our community with a new insight on
how to design and prepare high-performance UV-
curable coatings without sacrificing bio-renewable
contents.
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