
1. Introduction

Usually, the processing technology of the thermoset

polymers is characterized by the use of the two com-

ponent formulations, which generally consist of a

polymer resin and a hardener. These two component

polymer formulations need to be hardened for almost

12 hours at room temperature [1, 2]. Generally, extra

heating at 60–160 °C is necessary to facilitate the

hardening process [3]. The conventional curing

process has several relevant disadvantages. Firstly,

as the prerequisite condition for acceptable final

properties of the produced material, the following

thermal treatment is always desirable as a post-cur-

ing process [4]. Secondly, there are difficulties with

producing large monolith constructions and coating

large surfaces that can be sensitive to heating and/or

when heating is even impossible [5]. For example,

the repair service protective coatings applications for

ships in the maritime industry, and for power gener-

ators in the energy generation sector [6].

The market of ultraviolet (UV) curable polymers is

growing very rapidly, especially in the last decades

[7]. This market is anticipated to grow by 7.0% from

2013 to 2019 and is expected to reach USD 7.930
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million by 2019 [8]. It is related to many essential

benefits of the UV curing technology. Furthermore,

simplicity along with increased productivity and ad-

justable exploitation properties are the principal ac-

quisition of this technology in comparison to other

conventional methods of curing [9]. For example, un-

like conventional thermal curing, irradiation curing

has a time in the order of minutes [10] and is con-

sidered to be a green technology without the use of

volatile organic solvents [11]. The use of irradiation

curing frequently leads to energy, space and financial

savings.

Different chemical raw monomers, oligomers and

pre-polymers of acrylates, urethanes, and their copoly-

mers have been shown to be easily photopolymer-

ized by irradiation through the radical reaction mech-

anism with or without the addition of photoinitiator

and photosensitizer additives [12, 13]. However, the

polymerization of epoxides, also known as oxirane

rings opening polymerization, is generally photoini-

tiated by the small loadings of photogenerators and

governed by cationic polymerization reactions

[14]. This occurs by means of the photolysis of di-

aryliodonium and triarylsulfonium salts, which is

based on the production of strong protonic acids

[15]. Commonly, intensive irradiation is necessary

for the initiation of photoacid generation and cationic

polymerization reactions [16], while photoacid con-

tent is maintained in the range of 1–5 parts per hun-

dred resin (phr) in the bulk liquid monomer [17].

It should also be mentioned that diverse electromag-

netic irradiation sources can be applied for photo -

polymerization curing. Therefore, visible light, UV-

lamps (Hg lamps, UV-LEDs), X-ray generators and

accelerated electron beam guns have been success-

fully used for the photo-curing process [17–20]. The

use of excimer lasers and femtosecond lasers are

common for photolithography technology issues [21,

22]. In particular, UV-curing technology has shown

the best perspectives from the point of the wide in-

dustrial application and nanofabrication [23]. The UV

region is formally divided according to the wave-

length and energetic content in three different do-

mains: UV-A, characterized by wavelengths in the

range 315–400 nm, UV-B, with wavelengths between

315 and 280 nm and UV-C with wavelengths rang-

ing from 280 to 100 nm [24]. UV-B and UV-C are

commonly employed to induce the photopolymer-

ization reaction [25].

The traditional phenol-formaldehyde resins (PFR)

are highly cross-linked polymers with very broad ap-

plication. These well-established thermoset plastics

are synthesized from their low molecular weight pre-

cursor of novolac or resole type, which are common-

ly thermally cured and catalyzed by the addition of

strong acid or alkali compounds [26]. PFR exhibit

good heat-resistant, flame-retardant and dielectric

properties. PFR have good processability and rela-

tively low cost. Therefore, they are widely applied for

composites manufacturing and are broadly used in

construction, households, and electrical facilities [27].

However, there are several serious concerns regard-

ing their application: the use of phenol in their pro-

duction, the release of formaldehyde to the environ-

ment during exploitation, and the brittleness of PFR

materials [28]. To get rid of these limitations, a novel

functionality of oxirane rings is introduced to the

polymer of novolac or resole [26]. Thereto, general-

ly, linear epoxy novolac resins (ENR) are synthe-

sized by reacting a phenolic novolac or resole with

epichlorohydrin [29]. These ENR precursors contain

more than 2 epoxy groups per molecule and can

therefore be described as multifunctional polyepox-

ide resins. Cured ENR provide a very high cross-link

density due to the increased functionality attributed

to the of epoxy groups [30]. Incorporation of the

epoxy groups into the phenol-formaldehyde macro-

molecular chain backbone can further improve ad-

hesion, strength, stiffness, thermal, dimensional sta-

bility, chemical and solvent resistance [31]. These

ENR resins are used in formulations for high per-

formance applications requiring excellent chemical

resistance to acids, caustics, solvents, oxidizing

agents, as well as solvent resistance and high tem-

perature resistance than the standard Bisphenol A

epoxy resins [32]. ENR products for exceptionally

high corrosion resistance coatings and linings can be

found on the market today [33]. However, the broad

application of ENR is limited by their poor liquidity

properties at room temperature and as well as need

to be heat cured [33]. For that matter, only low mo-

lecular weight and linear macromolecular chain

resins are applied [34].

This study was directed at expanding the applica-

tions limits of ENR using a branched epoxy novolac

polymer, a cationic photoinitiator additive, and ap-

plying a UV-light photocuring technology with fu-

ture possible applications as coating formulations in
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the maritime and the energy industry sectors. We can

conclude that the thermal curing of the two compo-

nent resins is not efficient for polymer coating on the

high thermal conductive and capacitive materials, for

instance, polymer on massive metal systems. There-

fore, the aim of the current investigation is to show

the possibility of the photopolymerization of the

branched ENR on steel using the UV-light curing

method.

2. Experimental

2.1. Materials and sample preparation

The branched poly(phenyl glycidyl ether)-co-form -

aldehyde (Figure 1), obtained from Advanced Poly-

mer Coatings (USA), was used as ENR for the pho-

topolymerization synthesis. The resin’s viscosity is

2000 mPa·s, and specific gravity is 1.21 g/cc. The

UV 1242 cationic photoinitiator (PI) bis(4-dodecyl -

phenyl) iodonium hexafluorantimonate was obtained

from Deuteron GmbH (Germany). Hereafter, PI for

the photoinitiator will be used in the text. As a reac-

tive diluent, C12-/C14-glycidylether was applied. Its

content was maintained at approx. 1 part per 1 part of

PI. Their chemical structures are shown in Figure 1.

Acetone (>99.5%) was obtained from Aldrich. For

reference, on commercially two-component ENR for-

mulation was used. The commercial mixture of amine

and imidazole, obtained from Advanced Polymer

Coatings, was used as a curing agent.

Samples were prepared by solution casting and UV

curing method. First, liquid mixtures of poly(phenyl

glycidyl ether)-co-formaldehyde with a pre-calcu-

lated amount of bis(4-dodecylphenyl) iodonium

hexaflurorantimonate and toluene were blended in a

glass flask. The bis(4-dodecylphenyl) iodonium hexa -

fluorantimonate blend with 50 wt% C12-/C14-gly-

cidylether was used in the preparations. The real

weight content of the photoinitiator in the epoxy com-

pound was adjusted 0.5, 1.5 and 3 and 6 wt%. The

mixtures of photoinitiator (PI), ENR were coated on

a commercially available glass slides and steel plates.

No special preparations of the substrate surface were

applied to the specimens. Finally, the coating films

were cured at room temperature for 1, 3, 5, 10, 20,

and 50 min under UV irradiation with 96.5 W/cm2

intensity and at a distance of 13 cm from the irradi-

ation source. The coating thickness was in the range

120–170 μm. Accordingly, a 1000 W Hg deep UV

exposure lamp with broad emission spectral range

from 200–600 nm was utilized for photopolymeriza-

tion curing experiments in air environments.

Additionally, the conventional two-component hard-

ening of the ENR was also used for comparison rea-

sons. The commercial mixture of amine and imida-

zole in stoichiometric ratio was used for this exper-

iment. The thermal curing process of the ENR coat-

ing on steel was carried out at 80°C for 4 h.

2.3. Testing methods

Morphological investigation of the samples was per-

formed with a Schottky Field Emission scanning elec-

tron microscope (FE-SEM) (Nova NanoSEM 650,

FEI Company, Eindhoven, The Netherlands) using

low vacuum mode. Charge reduction C or metallic

films were not deposited on the samples studied. The

following parameters of the SEM analysis were used:
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Figure 1. Structure of branched epoxy novolac resin, photoinitiator and active diluent.



accelerating voltage 5 kV, working distance 5 mm

and spot size 3.

Absorption spectra in the range 500–4000 cm–1 were

measured on VERTEX 70/70v FTIR spectrometer

equipped with the MIRacle ATR Accessory.

The room temperature Raman spectra of the samples

were measured by Renishaw InVia90V727 micro-

Raman spectrometer with a laser excitation wave-

length of 514 nm.

Transmittance spectra of the coatings deposited on

the quartz substrates were recorded on a Solid Spec-

3700 UV-VIS-NIR Shimadzu Spectrophotometer in

the wavelength range of 240–900 nm.

The Vickers microhardness was measured on a Vick-

ers M-17 1021 device equipped with optical micro-

scope with a 40 g load and a loading time of 20 s.

Pencil hardness test was also performed for all spec-

imens.

3. Results and discussion

The characteristic groups of the ENR and photoini-

tiator chains are clarified by FTIR spectroscopy in

Figure 3. The FTIR spectra of the ENR has confirmed

the presence of oxirane rings observed at 907 cm–1

[29]. The broad bands corresponding to aromatic

double bond C=C vibrations in the phenyl group ap-

peared at 1590 cm–1 for ENR. In the 3000–2750 cm–1

range, two intense bands at 2925 and 2855 cm–1 can

be observed due to stretching of the –CH2 groups of

the aromatic and aliphatic structures in the chain

backbone of the photoinitiator and reactive diluent

of C12/C14 glycidylether [8].

While UV-VIS spectra of the ENR and PI were ob-

tained to measure their transparency in UV and VIS

light, as shown in Figure 4, the maximum UV ab-

sorbance of the PI is in the range 200–225 nm, which

suits the Hg lamp emission used, guaranteeing effi-

cient absorption of the UV light by the reactive com-

pound. The ENR absorbs strongly in the wavelength

range 250–300 nm.

The possible ENR photopolymerization initiation

mechanism is shown in Figure 2. The mechanism of

photoactivation for the cationic initiator is described

widely in the literature. In the photolysis process, the

PI compound produces strong Bronsted acids (H+X–)

[14, 35] which initiate monomer molecule chain by

the oxirane ring opening and development of cation-

ic radicals. The photoinitiation mechanism involves

multiple steps. The first step is the generation of an

acidic species through UV irradiation of onium salts

followed by protonation of first monomer which im-

plies an electrophilic attack of the acidic species on

the nucleophilic oxygen of oxirane groups, which in
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Figure 2. Possible photopolymerization initiation mechanism of branched epoxy novolac resin rendering polyether struc-

tures.

Figure 3. FTIR spectra of photoinitiator and epoxy novolac

resin.



turn results in the formation of secondary onium ion

i.e. cationic radicals [12, 13]. Due to their very high

reactivity, radicals have a short life time and, as a re-

sult, the curing reaction is very fast. At the next chain

propagation by activated chain end (ACE) mecha-

nism and chain growth occurs by living cationic

polymerization reactions. Further the reactive diluent

of glycidylether inside the reactive mixture also par-

ticipates in the formation of the crosslinked chain

networks. In ACE mechanism, after the formation of

secondary onium ion, propagation starts that results

in cationic chain growth (Figure 2). It is also consid-

ered that the cationic type initiators are not inhibited

by oxygen and are superior to those of free radical

type [16]. In the termination step different factors

play a vital role. Termination can occur with a sol-

vent, monomer or side reaction, where chain transfer

reactions through interaction with propagating chains

appear between an anion and counterion allowing in-

activation of the growing chain and production of in-

active species [14]. The use of cationic initiators also

benefits from very short curing reaction of only sev-

eral minutes. When the reaction is complete, a three-

dimensional network is obtained. In this case a hard

material is created due to the short length between

linking nodes. Several experimental PI concentra-

tions and UV-irradiation times were used to describe

the photopolymerization conditions.

Figure 5 shows top-down optical microscopy (OM)

images of the UV-cured ENR coatings on different

substrate surfaces. Images in Figure 5a represent the

ENR coatings on the glass slides when 1.5% PI was

used with irradiation times from 1 to 50 min. ENR

1.5% of PI coating on steel irradiated 5 min. is

shown in Figure 5b. Figure 5c indicates the optical

microscopy image at magnification by 10 times with

hardness indentation impression for the same sam-

ple. As can be seen in the images, the quality of the

photo-cured ENR coatings is very good. The coat-

ings have excellent gloss and the surface is without

evident defects. Only some defects and voids were

generated during coating preparation.

Microhardness measurements and hardness by ‘pen-

cil tests’ [36] were used as very powerful applied tech-

niques to characterize the outcome of the finished

coating photocuring process. As expected, the ENR

coating properties are strongly dependent on the

photopolymerization cross-linking conditions, as well

as on ENR formulation. In the so called ‘pencil test’,

a strip is drawn under a pencil on the sample surface
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Figure 4. UV spectra of photoinitiator and epoxy novolac

resin.

Figure 5. Images of ENR coatings on glass with 1.5% of PI
and irradiation times of 1, 3, 5, 10, 20 and

50 min (a); ENR coating with 1.5% of PI and ir-

radiation time 5 min on steel (b); optical mi-

croscopy image with hardness indentation for

ENR 1.5% of PI and irradiation time 3 min (c).



until a hardness grade is reached which will scratch

the surface. The coating is then assigned as graphite

hardness HB scale from soft to rigid properties, cor-

responding to the hardness range from 9B to 9H. Ap-

plication of the ‘pencil test’ to evaluate the cured

epoxy coatings was performed by Bajpai et al. [29]

and Aoki and Ichimura [37], who reported very good

correlation of ‘pencil tests’ data with the scratch hard-

ness and cross-linking density measurements. The

photo-cured EPR coatings with at least 1.5% of PI
and 3 min. curing time have passed 9H, which passes

criteria for protective coating used in maritime and

power energy industry. While the experimental re-

sults of the Vickers microhardness of the photo-cured

coatings showed that PI content and irradiation time

strongly influence its absolute values. Figure 6 sum-

marizes the obtained Vickers hardness characteristics

of these ENR coatings. It was found that the highest

hardness value equal to 712 MPa of coating was re-

ceived with 1.5% of PI and 3 min of UV-irradiation

due to thee very dense cross-linking network struc-

ture developed in the polymer. The obtained micro-

hardness value is higher than the microhardness of

the thermally cured two component ENR formula-

tion reference that was almost 700 MPa. The optimal

irradiation times seem to be almost 3–5 minutes. The

surface of irradiated sample is homogeneous, as

shown by SEM in Figure 7a. The addition of 0.5, 3.0

or 6.0% of PI gave lower microhardness values. For

example, sample ENR with PI 0.5% and irradiation

time 3 min. showed microhardness of about 503 MPa.

When the photocuring of the ENR coatings took more

than 5 min, the microhardness value decreased, which

can be attributed to the polymer photodegradation.

The evidence of this suggestion is the appearance of

micropores on the surface after irradiation of 50 min,

as shown in Figure 7b. The atmospheric oxygen and

intense UV-light cause evident voids of 1–2 μm on

the coating surface of the coating due to degradation

of the polymer network and possible vaporization of

the low molecular weight compounds [38].

In general, hardness implies resistance to surface de-

formation against indentation [39]. Thereto, Vickers

microindentation hardness of the polymer is related

to the macroscopic mechanical properties such as the

strength σ and the elastic modulus E. Hardness (H)

is relative to the material strength according to the

Tabor relation H ~ 3σ [40]; then, the empirical rela-

tion H ~ E/10 is obtained for polymer materials [41].

For the cross-linked epoxy solid state polymers, the

relationship is proposed to be modified E ~ 35.3fH
[42], where f is the relative fluctuation free volume

(f = 0.11), which is proposed to be the quantitative

characteristic of chain network disorder degree as

calculated from hole and the free volume quantity

theory of the Simha-Boyer [43]. Thereto, the elastic
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Figure 6. Time dependence of Vickers microhardness of

photocured ENR coatings for different PI concen-

trations.

Figure 7. FE-SEM images of photocured ENR coatings with PI = 1.5% at irradiation times of 5 (a) and 50 min (b).



modulus obtained from the above relations can be

used to calculate the cross-linking density based on

the Flory-Rehner theory of rubber elasticity [44]

using the elementary Gaussian statistics conditions

of the polymer chain [45], which corresponds to the

empirical approach for any rigid chain network

structure of the unswollen solid state polymers by

the equation given in the form G = AρRT/Mc [46],

where ρ is the polymer density [g/cc], G is the bulk

modulus [MPa], R is the universal gas constant

(8.314 J/mol/K), Mc is the molecular weight between

cross-links [g/mol], T is the absolute temperature

(298 K) and A is the coefficient determined by the

trifunctional branching units of the polymer network

nodes. A is proposed as a characteristic value of mul-

tifunctional nodes according to the molecular theory

of elasticity for the chain networks with the junctions

described by Flory [47, 48]. In a unit of volume of

the polymer, the cross-link density N [mol/cc] is con-

nected to the molecular weight between cross-links

by the relation N = ρA0/2Mc [42], where A0 is Avo-

gadro's number (6.022·1023 1/mol). The received net-

work density values corresponds well to the general

cross-linking polymerization theory [42], which pre-

dicts that the highest rigidity of the thermoset poly-

mer is obtained for the polymer chain network with

large cross-linking densities and close distance be-

tween network nodes [49]. For example, composi-

tion ENR with PI = 1.5% after 3 min irradiation is

characterized by the crosslinking density character-

istics Mc = 322.6 g/mol and N = 1.82·103 mol/cc.

While epoxy resin stoichiometrically cured with

metaphenylene diamine showed Mc = g/mol [50].

Also, it also conforms to the theoretical calculations

[42] and the molecular dynamic modeling [51] of

cross-linked epoxy by resins Liu and Naumann [50].

It is sure that the epoxy/curing agent stoichiometric

ratio and cationic initiator content will guide the final

cross-linking density of the epoxide polymer. The val-

ues of cross-linking densities N are 1.82, 2.58, and

1.87·103 mol/cc for ENR with PI 0.5, 1.5, and 3%

correspondingly. Thereto, the optimal PI concentra-

tion is equal to 1.5%. It is obvious that generation of

the active and stable radicals by photoinitiator de-

composition during UV-irradiation can further prop-

agate the polymer chain network growth, while the

crosslinking density is always a function of the ini-

tiator content [52]. The lower content, besides the

optimal concentration of initiator, develops fewer

chain crosslinks [17].

The irradiation time also strongly influences the ENR

coating properties. The experimental results (see Fig-

ure 6) show that 3 min of UV-irradiation gives the

highest microhardness values for the ENR. Further

increases in irradiation time can only decrease the mi-

crohardness properties of the ENR coating, because

photodegradation of the polymer generally occurs at

high irradiation times [38]. The UV-irradiation

process of the ENR was studied by FTIR, UV-VIS

and RAMAN spectroscopies, which data can comple-

ment each other. Decker et al. [53] has recommended

using changes in spectra to study both processes of

the photopolymerization and photodegradation for the

highly cross-linked epoxy polymers.

FTIR spectral data for photopolymerized ENR coat-

ings are shown in Figure 8. The influence of PI%
content and irradiation time on the linkages can be

evaluated. ENR contains phenyl, ketone linkage and

epoxy group. The band of phenyl C–H stretch vibra-

tions appears at around 3000–2900 cm–1. The band
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Figure 8. FTIR absorption spectra of ENR for different PI concentrations and an irradiation time of 5 min (a); time evolution

of FTIR absorption spectra of ENR with PI = 1.5% (b).



at 1503 cm–1 and the doublet around 1450 cm–1 are

due to C=C stretch vibrations of the aromatic ring

[54]. Photocured ENR exhibit bands in the region of

1724 cm–1, which confirms the presence of carbonyl

group CO acyclic stretch in the ketone linkage de-

veloped during photopolymerization. The asymmet-

rical ether C−O stretching vibration at 1260 cm–1

and the symmetrical ether C−O stretching vibration

at 1014 cm–1 remained essentially constant after long

UV irradiation. The absorption at 907 cm–1 peak is at-

tributed to epoxy ring C–O–C vibrations [55]. As can

be seen, the epoxy band disappeared completely for

PI 1.5% and a UV irradiation time of 1 min. due to

the opening of oxirane rings during the photocuring

process. The C−O linkage band absorption increase

appears for all PI compositions and at all irradiation

times directly after 1 min. of the photopolymerization

in the region of 1724 cm–1. Somewhat the carbonyl

groups can develop as polymer end groups in the

photolysis process for novolac epoxy resins as it was

reported in the literature [52, 55]. The ratio I1724 cm–1/

I907 cm–1, corresponding to the absorption bands of

CO and C–O–C, are calculated to evaluate the process

reaction yield. Figure 9 shows I1724 cm–1/I907 cm–1 de-

pendences from the photo initiator content and irra-

diation time. This demonstrates that the epoxy groups

decompose, and carbonyl linkages develop in the

photocuring process. Increased initiator content gives

a higher yield for the I1724 cm–1/I907 cm–1 ratio. At small

irradiation times, the polymer chain cross-linking re-

actions dominate, which gives an almost linear de-

pendence I1724 cm–1/I907 cm–1 from the time. At irradi-

ation times longer than 5 min, the slope of the curve

decreases, which means that there are two different

rates that show the change from the photocuring

reaction mechanism to the side photochemical reac-

tions of the polymer chains identified as sequential

increase of the carbonyl groups which can corre-

spond as polymer chain end groups [52]. The change

in slope could be also due to the fact that as the cross -

linking reaction proceeds the epoxy groups are less

accessible to the attack of monomer or growing ox-

onium chains, and this results in the decrease of pho-

topolymerization rate and conversion [56].

We have supposed that ENR photopolymerization

was completed at an irradiation time of at least 6 min

according to Figure 9. It is also clear that irradiation

times longer than 6 min can additionally induce the

photodegradation of polymer networks. It is indicat-

ed the cross-linked network of the epoxy novolac

resin shows characteristic Raman spectra peaks at

1242, and 1084 cm–1 attributed to –C–O, and –C–O–C

groups, respectively; while the peaks at 915 and

828 cm–1 are directly related to the stretching C–O–C

and C–O of oxirane groups [57]. The process of the

epoxy conversion was complementary monitored by

changes in the band corresponding to the oxirane

group vibrations at 1086 cm–1 shown in the experi-

mental Raman spectra (Figure 10). Its peak intensity

has been shown to strongly decrease increasing the

irradiation times; as well as Kim and Kim [58] has

reported that the number of epoxy groups decreased

with two component epoxy mixing time as repre-

sented in Raman spectra. However, some oxirane

traces remained even at irradiation times of 20 and

50 min. At low irradiation times, very weak alkyl CH3

stretch vibration is revealed at 250 cm–1.

The ENR coatings photo-curing were also monitored

by changes in the UV spectra shown in Figure 11.

UV spectra have been found to be more sensitive to
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Figure 9. PI concentration (a) and irradiation time (b) dependences of I1724 cm–1/I907 cm–1 ratio obtained from FTIR absorption

spectra.



evaluate the possible crosslinking and photodegra-

dation of the ENR polymer chains. The UV-irradia-

tion of the ENR revealed a significant increase in the

absorbance i.e. decreases of the transmittance in the

300–700 nm region. The saturated carbonyls absorb

between 280 and 300 nm, alpha-beta unsaturated

carbonyls around 320 nm [54]. Possible degradation

of ENR polymer might have been anticipated on the

grounds that the cured coatings would contain photo-

active materials, e.g., unreacted initiators, initiator

fragments and carbonyl groups present as polymer

end groups [52]. UV irradiation caused a decrease of

the transmittance till the minimum of 20% at wave-

length of 607 nm of aromatic chromophores. The

10–50 min. UV-irradiation provokes the photochem-

ical reactions of the polymer chains that was exper-

imentally testified as decrease of the hardness of the

polymer coatings due to the observed increase of the

surface porosity. However, it is depends strongly

photoinitator chemistry and content [59]. Generally,

coating systems containing iodonium SbF6 type salts

exhibited higher yellowness and lower hardness in

long-term than based polymers based on sulfonium

hexafluorophosphates salts [60].

Perhaps somewhat surprisingly it turned out that the

pure epoxy novolac resin (derived from formulations

not containing a photoinitiator) and photoinitiator it-

self did not display any change in the color of the sub-

stance during the irradiation model experiments.

While the main source of instability is the photoini-

tiator residues, with those resins containing poly-

ether and aromatic groups being the worst perform-

ers [17]. The developed system of conjugated � bonds

during the photolysis of branched aromatic chains

networks causes the molecule to absorb light in the

visible range [61].

Thereto, the new absorbance maximum was realized

at 375 and 607 nm, which characterizes the photol-

ysis and rearrangements of the aromatic structure and

formation of chromophore moieties [32]. Figure 12

shows the time-dependent absorption of bands 375

and 607 nm of ENR with PI = 1.5%, which were cal-

culated by the deconvolution of the transmittance

spectral data. It reveals that the polymer side reac-

tions begin after almost 6 min irradiation. It corre-

sponds well to the photodegradation of the polymer

chains revealed previously using FTIR analysis. As

well as other authors report that FTIR spectroscopy

performed on the surface of specimens indicated that

UV exposure in the presence of water condensation

resulted in the photodegradation by formation of hy-

droxyl groups on the surface, which further promot-

ed cross-linking reactions on the surface resulting in
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Figure 10. Time evolution of Raman spectra of ENR with

PI = 1.5%.

Figure 11. Time evolution of UV-VIS transmittance spectra

of ENR with PI = 1.5%.

Figure 12. Time-dependent absorption of bands 375 and

607 nm of ENR with PI = 1.5%.



degradation [58]. At the same time, spectra recorded

by FTIR spectroscopy detected chain scission had a

greater contribution to epoxy degradation [62].

According to the literature there exist two types of

products which the phenoxy radical may generate

during the photodegradation process through the

photo-Fries rearrangements [63]. In a first instance

there is the possibility of the phenoxy radical to gen-

erate phenol via extraction of a hydrogen atom from

vicinal entities. In a second instance the phenoxy

radical may lead to the formation of an acyl phenol

through recombination with an acyl radical and hy-

drogen extraction, after previously passing in the

form of one of the two cyclohexadienonic interme-

diates [64]. Phenoxy resins are attributed to the high

oxidizability of methylene groups in α-position to

the oxygen atom of the ether groups [65]. For in-

stance, Chae et al. [61] report irradiation of the aro-

matic polymers that led to its color change produced

in the irradiated treated area of the polymer film con-

taining phenolic or aromatic amino species due to

the chain photo cross-linking and rearrangement

through the photo-Fries type. While a subsequent

UV light illumination also induces the structural

changes in the chemical composition by photo-Fries

rearrangement of the polymer phenyl ester groups

that lead to significant changes in the refractive

index of the polymeric materials [66].

4. Conclusions

For the first time, the UV-light-induced curing of

branched epoxy novolac resin was reported. The

cationic photopolymerization of the epoxy novolac

resin coatings was initiated by the photodecomposi-

tion of bis(4-dodecylphenyl) iodonium hexafluroran-

timonate. Photoinitiator content and irradiation time

are the main characteristics affecting the exploitation

properties of the epoxy novolac resin coatings. The

prepared coatings have passed the ‘pencil test’ of

9H; while, the Vickers hardness have been equal to

712 MPa. The obtained hardness of the photocured

coatings is equal to the thermally cured two compo-

nent epoxy novolac resin formulation. The optimal

photoinitiator content and the irradiation times were

found to be 1.5% and 3 minutes, respectively, due to

the dense cross-linking polymer network structure

which was developed. UV irradiation times longer

than 6 min. resulted in the photodegradation of the

epoxy novolac resin polymer. This process was

revealed by FTIR, UV-VIS and Raman spectroscopy

methods. It also resulted in the in hardness charac-

teristics due to the voids and defects which devel-

oped on the coating surface, as clearly shown by

SEM. Finally, the developed branched epoxy no-

volac resin photopolymerization technology can be

applied to receive protective coatings for diverse ap-

plications in power generation and maritime indus-

tries, where the thermal curing process of two-com-

ponent resins are completely unacceptable.
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