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Abstract. Polymeric materials are exposed to high
temperatures that results in lowering of the film integrity.
A blend of an epoxy resin with the silicone acrylate resin
was developed to provide high heat resistance UV cured
coatings. Earlier siliconized epoxy coatings had been
devel oped by conventional curing. But due to environmental
awareness, high productivity rate, low process costs and
energy saving UV curable coatings are enjoying
considerable growth. Thermally stable UV cured coatings
used in the present study were developed from silicone
acrylate and epoxy acrylate resin with different diluents
and photoinitiator. Such coatings provide higher thermal
stability (693 K) along with physical and chemical
resistance. In addition, such coatings can also be obtained
by using functional amino silanes. The resin developed
provides a simple and practical solution to improve heat
resistance along with physical and chemical resistance of
the UV cured coatings. The purpose of this research paper
is to develop UV curable heat resistant coatings by the
combination of inorganic and organic polymer, taking
epoxy acrylate as a base resin.
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1. Introduction

Epoxy resins are commercially used in coatings
and various structural applications. Through the proper
selection of resin modifier and curing agent, the cured
epoxy resin can be tailored to specific performance
characteristics. The choice depends upon the cost,
processing and performance requirement. They may be
used for coating without modification or they may be
esterified with acrylicacid or methacrylicacid[1, 2]. Epoxy
resins are characterized by low shrinkage, ease of cure
and processing, excellent moisture, solvent and chemical
resistance, and good adhesive strength. However their
shortcomings are low fracture energy, low thermal
stability, low pigment holding ability, poor hydrophobicity,
weathering and impact strength which restrict their wide

application in the field of coatings and paints. To improve
these properties a second component such as rubber, amino
terminated butadiene nitrilerubber, polyurethane, siliconeand
some other thermoplastics are added as modifiers for epoxy
resin. Siliconeis congidered to be one of the suitable modifiers
for epoxy resin, owing to its superior thermal and thermo-
oxidative stability, excellent moisture resistance, partial ionic
nature, low surface energy, good flame retardancy and free
rotations of chains about Si-O bonds, good hydrophobicity,
compressivity and doping action [3-5].

Structural materials have limitations for use at high
temperature due to oxidation chemical reaction and
corrosion; therefore, to provideimproved reliability at high
operating temperature, high heat and corrosion-resistant
protective coatings are used. Epoxy silicone based coatings
have high thermal stability, excellent adhesion, good
flexibility, and improved acid and solvent resistance
compared to conventional epoxy coatings. In the past heat
resistant siliconized epoxy coating had been devel oped by
conventional curing. Conventional organic protective
coatingsfail dueto carbonization and evolution of aggressive
gases. Such films age rapidly at elevated temperature
(> 373 K) and exhibit loss of flexibility, dasticity, adhesion,
and protective value. In general, physical properties of
highly desirable heat resistant coatings have a high glass
transition temperature (> 523 K) and a high decomposition
temperature (673 K) [6]. Recently heat resistant UV-curable
coatings have enjoyed considerable growth due to
environmental awareness and increased productivity
compared to traditional method of curing [7, 8]. UV curing
process has attractive advantages over thermal curing.
Their major advantages are high-speed process, low energy
consumption due to the operation at room temperature,
and environmental friendliness by avoiding solvent
exposure. In contrast the usage of UV curing can cut
process costs, decrease pollution and save energy [9-14].
Novolac acrylate provides a higher aromatic content and
more crosslink sites in the pendent positions along the
backbone of molecules than conventional epoxies [15].
Further its blending with silicone acrylate enhances the
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thermal stability thus giving high heat resistance coating.
The utility of silicon-based coatings has evolved from
specialty high performance applications into broad usage
throughout the coatings industry.

Inthe present study a thermally stable UV curable
epoxy coating has been developed by the combination of
silicone based inorganic and organic polymer. It has been
observed that use of siliconeinvariably enhancesthe thermal
stability and chemical corrosion resistance of the epoxy
coating. Besides thermal stability silicone provides better
flexibility and gloss to coatings.

2. Experimental

2.1.Materials

Epicholorohydrin (ECH), acrylic acid and
hydroquinone was obtained from E. Merck.
M ethylhydrogendimethyl siloxane was purchased from
Aldrich. Trimethylolpropane triacrylate (TMPTA),
pentaerythritol triacrylate (PETA) were from Aldrich Co.
Ltd., while 1,6-hexanediol diacrylate (HDDA) and 2,2-
diethoxyacetophenon (DEAP) was procured form Flucka.

2.2. Synthesis of Novolac/Cresol Resin

Novolac resin was prepared by condensation
reaction between phenol/cresol and formaldehydein acidic
condition. Initially phenol/cresol (1 mol) with some quantity
of water was taken in three neck flask. The pH was
adjusted to 0.5 with sulphuric acid (used as catalyst) and
the contents were heated to 363 K under constant stirring.
The required amount (0.5 mal) of formaldehyde (37 %
formaline sol ution) was added over a period of 3 h through
adropping funnel, and stirring was continued for additional
30 minutes, water was then removed under vacuum. The
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purified resin was analyzed by infrared (IR) spectroscope
and nuclear magnetic resonance (*H NMR) spectroscope.

2.3. Synthesis of Epoxy Novolac/Cresol
Resin

Laboratory prepared epoxy novolac/cresol resinwas
reacted with epichlorohydrin in 1:10 molar ratio at 383 K
and 40 % sodium hydroxide solution was added gradually
to the reactants over a period of 3 h through a dropping
funnel . After completion of the reaction the reaction mixture
was subjected to distillation under vacuum for removal of
unreacted epichlorohydrin, salt (NaCl) was removed by
washing with hot water and then water was removed
through vacuum distillation. The resulting viscous product
was analyzed by infrared (IR) spectroscope and nuclear
magnetic resonance (*H NMR) spectroscope.

2.4. Synthesis of Novolac/Cresol Acrylate
Resin

Acrylation of above prepared epoxy resin was
carried out by using 1:0.9 molar ratios of epoxide and
acrylic acid in presence of triethylamine as catalyst (1 Phr)
and hydroquinone (200 ppm) as inhibitor. The extent of
reaction was determined by calculating the acid value [16]
at definitetime intervals. The residual product was washed
with water during stirring. Water was removed under
reduced pressure and the product was dried and subjected
to IR analysis.

2.5. Synthesis of Silicone Acrylate Resin

Acrylated silicone resin was prepared by the reaction
of methyl hydrogendimethyl siloxanewithally methyl acrylate
in the presence of H,PCI (catalyst) at room temperature
(Scheme 1). Prepared resin was characterized by IR.

CH,
Room temperature

Py

H,PtClg

Scheme 1
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2.6. Characteristics of Epoxy
Novolac/Cresol Resin

Theepoxide equival ent wel ght of the prepared epoxy
novolac resin (NE) was determined by pyridinium chloride
method. Specific gravity was determined by hydrometer
while viscosity of the epoxy novolac resin was determined
by Brookfield Viscometer (ASTM-1824-66) in methyl ethyl
ketone.

2.7. Characteristics of Acrylated Resin

The acid value of the prepared epoxy acrylate resin
was determined with respect to time until the resin had an
acid value of 5 and 6 mg KOH/g resin [17]. Viscosity of
resinisdetermined by brookfield viscometer (ASTM-D1824-
66). The color of the resin was determined by gardener
color standard using ASTM-D 1544. The refractive index
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of the prepared epoxy acrylate resins were determined by
Abbe Refractometer using ASTM-D 1218 method.

2.8. Preparation of Test Samples

The prepared acrylate resins (NA and CA) were
mixed with calculated amount of reactive diluents i.e.
TMPTA, DETA and HDDA aong with silicone acrylate
resin and photoinitiators. The films were applied on the
mild steel and glass panels with the film applicator of
approximate 15mm film, the coated panels were then
exposed to UV-lamp of 80 W/cm for curing. The panels
were evaluated for various film characteristics.
Thermogravimetric analysis of the samples were carried
out (on TGA V5.1A DuPont 2100 by heating at the rate of
293 K/min) to study the thermal behavior of the coatings
(Table 3).

Table 1
Coding and characterization of epoxy novolac resin
. Qgravityat | Viscosit Epoxide -
Resin Code P 298 Ky a4 298 Ky ch)1 Wi Solubility
Epoxy Novolac Resin Alcohols, dioxane, Kketone,
NE 1.148 11500 185 ester
Cresol Epoxy Resin Alcohols, dioxane, Kketone,
CE 1.142 10500 180 ester
Table 2
Coding and characterization of epoxy acrylate resin
Resin Code Acid value, Refractive Viscosity at Color
mgKOH/g index 333K (Gardner)
Novolac Acrylate Resin
NA 6 1534 18000 3G
Cresol Acrylate Resin
CA 5 1521 16000 2G
Table 3
Formulation of coatings with silicone compound
; Samples, g
No. Ingredients | T I Y v Vi
1. NA 4 4 4 - - -
2. CA - R - 4 4 4
3. SA 0.5 0.7 0.9 0.5 0.7 0.9
4. TMPTA 1.7 1.7 1.7 1.7 1.7 1.7
5. HDDA 1.7 1.7 1.7 1.7 1.7 1.7
6. PETA 19 17 15 1.9 1,7 15
7. DEAP 0.2 0.2 0.2 0.2 0.2 0.2




208

3. Results and Discussion

3.1. Synthesis of Novolac Resin

The methylolation of phenol was carried out with
formaldehyde in the presence of sulphuric acid. The pH
of thereaction mixturewasadjustedto 0.5. Theformylation
reaction was carried out with 0.5 mol ratio of phenol-to-
formaldehyde. Therefore, under these experimental
conditions the complete formylation might be expected to
yield resin with a high ortho-para linkages for the phenolic
novolac resin (Scheme 2). A methylene glycol isprotonated
by an acid from the reaction medium, which then releases
water to form a hydroxymethylene cation (step I). This

H
C=—O0 + H’
H
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OH OH
H
+ Slow
+ C—O0H <
y
(Step 11)

HO
CH,—OH
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HO OH
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ion hydroxyalkylates a phenol via electrophilic aromatic
substitution. The rate determining step of the sequence
occursin step Il where a pair of eectrons from the phenol
ring attacks the electrophile forming a carbocation
intermediate. The methylol group of the hydroxymethylated
phenoal is unstable in the presence of acid and |oses water
readily to form a benzylic carbonium ion (step I11). This
ion then reacts with another phenol to form a methylene
bridge in another eectrophilic aromatic substitution. This
major process repeats until the formal dehyde is exhausted.
The completion of the methylolation reaction was checked
by periodic withdrawal of reaction mixture to analyze free
formaldehyde using hydroxyl amine hydrochloride [18].

H

N +
_ C=—=0H
H
OH
CHZ—OH CHZ—OH
Fast
H i + H'

HO
CH,"
+ HLO
HO OH
CH
+ H+

Scheme 2

3.2. Synthesis of Epoxy Novolac/Cresol
Resin

The novolac based epoxy resin was synthesized by
the reaction with epichlorohydrin (ECH). The number of
glycidyl groups per molecule in the resin depend upon the
number of phenalic hydroxyls in the starting novolac, the
extent to which they were reacted and the extent to which
the lowest molecular species were polymerized during
synthesis. Theoretically, all the phenolic hydroxyls might

be reacted, but in practice al of them did not react because
of steric hindrance. Thereaction between ECH and novolac
resin might be thought to proceed in a similar fashion asin
thework given by Leeand Neville[19]. The epoxide group
of ECH reacted with phenolic hydroxyls under the alkaline
medium and formed chlorohydrin ether, which underwent
dehydrochlorination reaction and resulted in glycidyl ether.
The structure of the epoxy resin may be proposed as in
Scheme 3.
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3.3. Synthesis of Novolac/Cresol Acrylate
Resin

The esterification reaction takes place between
epoxidized novolac and acrylic acid in the presence of
triethyl amine, epoxy group reacts with the carboxyl ionic
group to form addition polymeric hydroxy ester. Epoxide
resins react with carboxylic acid to form esters. Reaction
takes place between the carboxyl group of the acid and
both the epoxy and hydroxyl groups of the epoxides
(Scheme 4). In step | the tertiary amine interacts with
acrylic acid and abstracts its hydrogen as cation thus
producing a corboxylate anion. In step Il this carboxylate
anion undergoes nucl eophilic addition to electron deficient
carbon atom of epoxy group and produces an alcoholate
anion. In step 111 alcoholate anion abstracts the proton
from amine and completes the reaction with formation of
ester and regeneration of amine. The carboxylic anion then
attacks on the other unreacted epoxy group till all epoxy
and acrylic acid get exhausted, which results in the
formation of epoxy acrylate. The degree of esterification
is an important parameter that may affect the coating
property, and in the present study the reaction was carried
out until the acid value reached less than 6. The changein
acid value with reaction time is because of the higher
concentration of reactive sites and greater possibility of
association of acid and epoxide groups and that the
reactivity of functional group is independent of molecular
size which is characteristic of such esterification reaction.

3.4. FTIR and *H NMR Spectroscopic
Analysis of Phenol Based Novolac Resin

It is evident from Fig. 1 that there is a band in the
region of 30003620 cm™, which is due to phenolic
methylol hydroxyl (-OH) vibration present in the novolac
resin. A bandin theregion of 1315-1409 cm* isdue to the
presence of hydroxyl groups (methylol hydroxyls) in the
molecules. The band located at 1500 cm! is assigned to
phenolic ring substituted at the ortho-, para positions. The
same could be further confirmed by the appearance of
absorption band at 820 cm* which clearly indicates the
presence of aromatic ethylene bonds (C=C) of phenolic
ring. A peak near 1200 cnr* al so appearing in the spectrum
is dueto stretching vibration of phenol—O group. The peak
appearance in the IR spectra confirms the formation of
novolacs with ortho- and para-substituted phenolic rings
connected via methylene linkages.

Inthe ™™ NMR (Fig. 2) a multiplet observed in the
range of 3.4-4.2 ppm might be due to aliphatic protons
present in the structure of the novolac resin. The
appearance of multiplet near 6.4—7.4 ppm might be due to
the aromatic protons present in the structure. There also
appears another multiplet in the region of 9.0-9.6 ppm,
which is assigned to the hydroxyl group functionality of
the novolac resins. Theintegrated area of the multiplitesis
taken as a measure of aliphatic, aromatic and hydroxyl
proton units in the structure.
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3.5. FTIR and *H NMR Spectroscopic
Analysis of Novolac Epoxy Resin

It is evident from Fig. 3 that there is a broad band
near 3200-3650 cm*, which can be attributed to the
hydroxy! stretching vibration of phenolic group. The
absorption band near 2890 cm* might be due to CH,
vibrations. The absorption bands near 1520, 1590 and
1620 cm?, might be due to vibration of substituted
aromatics. The absorption band at 1255-1268 cn!
indicates the presence of oxirane group of epoxy. The
absorption bands near 920 and 880 cn1* appear due to
the ring deformation of terminal epoxy group in each
spectrum, which confirms the presence of epoxy groups
in this polymer. The regions of 750-790, 820-850 and

o
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910-920 crm* might be due to o-, p- and ring-substitution
of phenolic ring respectively.

In the *H NMR spectra (Fig. 4) there is a multiplet
in the region of 2.38-2.90 ppm, which might be due to
presence of aliphatic protons attached to the >CH,, group
of the epoxy ring. A broad singlet appeared in Fig. 4 near
3.08-3.33 ppm, which might correspond to the aliphatic
protons attached to >CH group of the epoxy ring.
Appearance of multiplet in the region between 3.39 and
3.43 ppm corresponds to the overlapping of the aliphatic
protons due to >CH,, group attached to epoxy ring on one
side and oxygen (O) to the other side, and due to >CH,
attached to the aromatic ring on both the sides. A multiplet
in the region between 6.64 and 7.45 ppm might be due to
the aromatic protons of benzene nucleus.

0 g 8 i 3 5
&, Pl

Fig. 4. *H NMR spectrum of novolac epoxy resin

\,
(o))
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\ \ \
4000 3000 2000

\ \ \
1500 1000 800

Fig. 5. FTIR spectrum of novolac acrylate resin
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3.6. FTIR Spectroscopic Analysis
of Novolac Acrylate Resin

The IR-graph of novolac acrylate shown in
Fig. 5 exhibits band in the region of 1775 cm* and
1750 cm?, which confirms the presence of ester
linkages. The epoxy bands are not so prominent in these
graphs due to the opening of oxirane ring during the
process of acrylation. A band corresponding to acrylol
double bond appeared at 1610 cm* and 1615 cm? for
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acrylate resin and a broad band near 3454 cm* shows
the presence of —OH group.

3.7. FTIR Spectroscopic Analysis
of Silicone Acrylate

IR spectra of silicone acrylate resin shows the
bend at 1040-1070 cm*, which is due to the presence of
Si—O-Si linkage. The band at 1261 cnr* confirms the
presence of Si-Me linkage.

4000.0 3000 2000

Wavenumber

Fig. 6. FTIR spectrum of silicone acrylate resin

Table 4
M echanical properties of UV cured siliconized epoxy resin

Sample No. Scratch hardness, g | Pencil hardness | Flexibility, 1/4” Mandre | Gloss, %
| 1.700 4h Pass 92-95
I 1.750 4h Pass 92-97

Il 1.800 5h Pass 100
v 1.700 4h Pass 92-95
\% 1.750 4h Pass 92-97

VI 1.800 5h Pass 100

3.8. Mechanical Properties of Cured Films
The coated tin, mild steel and glass panels were

3.8.1. Flexibility
The flexibility of the coated films was determined

subjected to the following performance test by BIS-101  with the help of 1/4” mandrel. The coated tin panels were

specifications shown in Table 4.

bent to 180°by using amandrel (Sheen Instrument Limited,
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England). All the sasmples passed flexibility test, samples
[11 and V1 exhibit the highest flexibility becausethey contain
higher percentage of silicon compounds as compared to
others.

3.8.2. Scratch hardness

Hardnessistheresistanceof amaterial toindentation
of scratching. The most widely used hardness test for
coatings are scratch hardness. Load bearing capacity of
the films was measured by using scratch hardness tester
(ASTM D 5178, Sheen Instrument Limited, England). The
panels were loaded with different weights until a clear
scratch showing the bare metal surface was seen; scratch
hardness of samples |1l and VI with higher percentage of
silicon compound was higher.

3.8.3. Gloss

After watching the sample from different angles it
has been observed that all the samples possess excellent
gloss.

3.8.4. Pencil hardness

In this test sample strip is drawn under a pencil
(for example one with changeable 0.5 mm flattened | eads)

Firdous Habib et al.

until reaching a hardness grade which will scratch the
surface. The hardness value of coating is then assigned as
H, 2H, 3H, etc., which therefore signifies the hardness
grade. Different pencils of different grades have been used
and it has been found that samples |1l and VI show
maximum extent of hardness due to higher percentage of
silicone.

3.9. Chemical Resistance Properties of
Cured Films

To evaluate the overall performance of the
coatings, the coated films were exposed to various acids,
alkalisand water. The coated panelswere sealed fromthree
sidesby using molten paraffinwax before dipping in various
chemicals.

3.9.1. Resistance to acids

Sulfuric acid, hydrochloric acid and acetic acid were
dissolved in water to make solution of 5% and 10 %
concentration on a weight per volume basis. The coated
panels were then dipped in these acid solutions for 108 h
to check their resistance against various acids. Samples
which possess high percentage of silicone compound show
better resistance (Table 5).

Table 5

Resistance of UV cured siliconized epoxy resin towards acids

Sample No. Acetic acid Sulfuric acid Hydrochloric acid
5% 10 % 5% 10% 5% 10%
| 5 4 4 3 5 5
1 5 5 5 4 5 4
Il 5 5 5 5 5 5
v 5 5 5 4 5 4
\Y% 5 5 4 5 4 4
VI 5 5 5 5 5 5
Note: 5 meansfilm unaffected; 4 —lossin gloss; 3—hblistering in films
Table 6
Resistance of UV cured siliconized epoxy resin towards distilled and saline water
Sample No. Didtilled water Saline water
| 5 5
I 5 5
Il 5 5
v 5 5
\% 5 5
VI 5 5

Note: 5 meansfilm unaffected
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Table 7

Resistance of UV cured siliconized epoxy resin towards alkali

Sample No. Sodium hydroxide Ammonium hydroxide
5% 10 % 5% 10 %

I 5 4 5 5

I 5 5 5 5
Il 5 5 5 5
v 5 5 5 5
V 5 4 5 5
Vi 5 5 5 5

Note: 5 meansfilm unaffected; 4 —lossin gloss; 3—blistering in films

3.9.2. Resistance to distilled water and saline water

Coated cured panels were dipped in distill water
and saline water at ambient temperature for 108 h. The
panels were observed for a visible change in the same
condition. All the samples exhibit excellent resistance as
shown in Table 6.

3.9.3. Resistance to alkali

To check the alkali resistance of the samples coated
glass pands were placed in 5% and 10 % solution of
NaOH and NH,OH for 108 honaweight per volumebasis.
All the samples exhibit good resistance towards the alkali
except few showing loss in gloss in NaOH solution as
shown in Table 7.

3.10. TGA Analysis

Activation energy (E) for the thermal
decomposition of the UV-cured epoxy has been evaluated
from the dynamic thermograms. Fractional decomposition
(a) for respective temperature has been calculated from
TGA graph shown in Fig. 7. Higher value of activation
energy in the system may be due to the presence of

100

Sample Na.
m=!
8 e=ll
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85 B =
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£ oo
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2 55
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50 100

Fig. 7. Thermogravimetric graph

polynuclearity in the resin (because of the presence of
silicon in the resin). High activation energy for the
decomposition of the system|eadsto better thermal stability
of the compounds [20, 21].

4. Conclusions

The thermal stability of the epoxy resin increases
to about 693 K with the higher content of silicone. The
increased activation energy with respect to increase in
silicon compound up to a certain level indicates a more
thermally stable cresol novolac epoxy resin system. This
type of UV cured coatings may be recommended for their
applicationsin moderately stringent environment and under
moderately high temperature applications where thermal
stability is the main concern.
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Y®-3ATBEPIDKEHI TEPMOCTIHKI
EIIOKCU-AKPUJIATHI HIOKPUTTS

Anomauin. B pobomi 6usueno ompuMaHHs mepmo-
cmabinbHux Y®D-3ameepodcenux nokKpummie, UX00A4U 3 CUNIKOH-
aKpuiamie ma enocu-aKpuIamuux cMoi, 8 NPUCYMHOCMI Pi3HUX 3a
npupoooo po3uUHHUKIE | pomoiniyiamopis. Bcmanosneno, ujo maxi
NOKpUmMmsa Xapaxkmepuzyiomscsa UCOKOI MepmMoCcmadinbHicmio
(693 K) ma npossnsioms pizuuny i ximiuny cmitkicme.
3anpononosanuii memoo 0A€ MONCAUBICMb OMPUMYBAMU
MmepMOoCmitKi NOKpUMms, UX00a4U K i3 OpeaHiuno20, max i
HeOp2aHiuHo20 Noimepy, 8 MOMY YUCHE QYHKYI HUX AMIHOCUNAHIS,
bepyuu 3a 0CHOBY enOKCUOHUIL AKpuIam.

Knwwuogi cnosa:. mepmocmiiixicms, cunikonoaxpuiam, Y-
3AMBEPOINCEHHSL.



