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Available online and used form of isocyanate in the global polyurethane industry. HEMA provided the hydroxyl and

acrylate groups needed for UV curing and polyurethane production, respectively. Additionally, the
oligomer is flexible due to the methyl side group of HEMA. The synthesized oligomer was
characterized by Fourier transform infrared (FTIR) spectroscopy and differential scanning

Keywords: calorimetry (DSC) analysis. The coating compositions included the produced TDI-HEMA modified
Soybean oil AESBO oligomer, as well as a variety of reactive diluents and a photoinitiator. Then formulations
Photo curing were applied on aluminum plates by spray coating and cured by UV light. The impact of the type of

reactive diluent on the film forming and coating performance were all searched. Overall results
. proved that the inclusion of reactive diluents in the coating formulations helped to increase the
Spray coating coating quality and performance by adjusting the crosslinking density resulting in enhancement in
Carbamate ester adhesion.

Metal coating

1. INTRODUCTION

The degree of ductility or brittleness and crosslinking density of the coating material has a significant impact on a
coating layer's resistance to scratches. Brittle coatings are more prone to damage or deformation when a force is
applied to a coated substrate. It is possible to modify a coating material's brittleness and crosslinking density by
designing an appropriate oligomer with the necessary capabilities. Because of their great chemical resistance, good
adhesion, better abrasion resistance, durability, and toughness, polyurethanes are preferred in the coatings
business. They work well in many applications such as footwear, adhesives, packaging materials, coatings, paints,
heat insulators, foams, elastomers, biomedical items, and composites [1-3]. Polyols and diisocyanates, which give
PU coatings their elastomeric qualities, are the building blocks of polyurethanes [4]. The high degree of
crosslinking density between the isocyanate and hydroxyl groups gives polyurethane resins exceptional chemical
resistance as well [5]. Utilizing photocuring technology, crosslinked polymeric structures are created by triggering
a photochemical reaction with UV light. Following the degradation of photoinitiators by UV radiation, the
photochemical reaction takes place in chemical species with unsaturated groups, such as vinyl ether, acrylate, etc.
with free radicals. With UV-curing technology, the crosslinked structure is created in a matter of seconds, saving
time, and the manufacturing process is ecologically beneficial since less or no solvent is utilized [6]. Furthermore,

crosslinking is done at low temperatures, which has the financial benefit [7].
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Two functional chemical species with a hydroxyl group (hydroxyethyl methacrylate, hydroxyethyl acrylate, etc.)
and an isocyanate group (toluene diisocyanate, isophorone diisocyanate, etc.) can react to create photocurable
polyurethane acrylates. It is possible to construct polyurethane acrylates with specific qualities by varying the
stoichiometry of the hydroxyl and isocyanate functionalities. A popular technique for creating UV-curable
oligomer/polymer structures is the toluene diisocyanate-hydroxyethyl methacrylate (TDI-HEMA) reaction. In the
TDI-HEMA adduct, HEMA provides the photocurable acrylate functionality that gives the oligomer flexibility,
while TDI provides the isocyanate groups that give the oligomer its stiffness and hardness [8]. The -OH groups of
HEMA react first with the isocyanates at para-positions during the synthesis of the TDI-HEMA adduct. The
reactivity preference between the isocyanates in para- and ortho-positions can be explained by the variations in
reactivity. Compared to isocyanates in para-position, those in ortho-position exhibit four times lower reactiveness.
In order to facilitate subsequent reactions, the isocyanates in ortho-positions are purposefully left unreacted [9].
Many researchers are searching for plentiful, affordable, non-toxic, biodegradable, and renewable plant-based
replacements for polyols derived from petrochemicals [10-17], which are used in the synthesis of PU. When it
comes to polymer synthesis, vegetable oils offer a viable substitute for petroleum-based starting monomers [18].
Soybean oil is the preferred vegetable oil because of its five unsaturated groups, which enable certain functional
groups to react with it. According to the literature, the most popular method for modifying soybean oil is the
epoxidation reaction, which is carried out with the help of a catalyst and hydrogen peroxide. The oligomer can
then be given the required functionality by reacting with amines, acids, etc. on the produced oxirane ring on the
soybean oil structure [4]. This study's primary goal is to synthesize a novel bio-based photocurable oligomer using
soybean oil as a starting material rather than chemicals derived from petroleum. In order to achieve this, epoxidized
soybean oil (ESBO) will first react with acrylic acid (AA). The resulting acrylated ESBO, or AESBO, will then
undergo an additional reaction with the NCO groups of the TDI-HEMA adduct in an orthogonal configuration.
Since TDI is the most produced and often utilized isocyanate type in the worldwide polyurethane sector, it was
selected as the isocyanate source. HEMA was used as a source of hydroxyl and acrylate groups, respectively, to
enable UV curing and polyurethane synthesis. In addition, the methyl side group of HEMA provides the oligomer
with flexibility. The synthesized TDI-HEMA-modified AESBO oligomer was used in the coating formulations
along with various types of reactive diluents and photoinitiators. The effects of the reactive diluent type on the
coating performance and film forming properties were discussed.

I1. EXPERIMENTAL METHOD
2.1 Materials

Tetrahydrafuran (THF, non-reactive diluent), photo initiator (1-hydroxycyclohexyl phenyl ketone, Irgacure® 184),
epoxidized soybean oil (ESBO) (MW=952 g/mole, EEW=232 g/equiv.), 1.6-hexanediol diacrylate (HDDA,
reactive diluent), N-vinylpyrrolidone (NVP, reactive diluent), trimethylolpropane triacrylate (TMPTA, reactive
diluent), hydroquinone (HQ, inhibitor), dibutyltin dilaurate (T12, catalyst), acrylic acid (AA), 2,4-toluene
diisocyanate (TDI), 2-hydroxyethyl methacrylate (HEMA), triphenyl phosphine (TPP, catalyst), sodium hydroxide

(NaOH), were all obtained from Merck and used without any purification.

2.2 Synthesis of the TDI-HEMA Modified AESBO Oligomer

Figures 1, 2, and 3 are all showing the synthesis scheme of the proposed functional oligomer. In this study, the
proposed oligomer is different from those of earlier research since it modifies soybean oil using the TDI-HEMA
adduct. Figure 1 belongs to the synthesis scheme of the AESBO oligomer. During this reaction, a round-bottom
flask, equipped with a nitrogen gas inlet, a condenser, and a magnetic stirrer were all used. The ESBO: AA molar
ratio of 1:5 was set considering the epoxy equivalent weight (EEW) of ESBO (232 g/equiv.). At the beginning of
the reaction, ESBO and HDDA (reactive diluent) (30% out of the total ESBO and AA amount) were loaded into
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the glass flask. Another glass beaker was employed to dissolve HQ (300 ppm) and TPP (1000 ppm) in AA via
ultrasonification. After the inclusion of the AA solution dropwise into the main flask, the reaction started to be
heated at 100 °C for 2 h and 120 °C for 2 h. During the reaction, the depletion of AA was followed by the acid
titration method, and the reaction was ended when a constant acid value (AV) of 8.25 mg KOH/g was observed.
During the reaction, TPP initiated the reaction between the epoxide groups of ESBO and acid groups of AA by
starting a nucleophilic attack resulting in the formation of phosphonium betaine. Following the attachment of an
AA proton to the betaine, the carboxylate anion's action on the electrophilic carbon of the phosphorus created an
ester bond (Figure 1a).
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Figure 1. (a) Initiation reaction of TPP, (b) Synthesis scheme of the AESBO oligomer

In the second step, TDI-HEMA adduct was synthesized (Figure 2) to add urethane functional groups to the
oligomer backbone. A round-bottom flask was employed having a magnetic stirrer and a condenser, for the
synthesis reaction. The molar ratio of TDI:HEMA was set as 1:1 thus the one NCO group of TDI was intentionally
left unreacted for further reaction with AESBO oligomer. At the beginning of the reaction, TDI along with THF
(non-reactive diluent) were loaded into the flask, and then 0.03 wt% catalyst (T12) was added to the flask. Due to
the sudden heat release, an ice bath was used, and HEMA was added dropwise to the main flask. After 30 min. of
stirring in the ice bath, the reaction mixture was stirred at room temperature for another 30 min. Then the reaction
proceeded at 70 °C for 1 h.
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Figure 2. Synthesis scheme of the TDI-HEMA adduct

In the last step of the reaction, the —OH groups of AESBO oligomer which is formed by the epoxide ring opening
reaction were reacted with the -NCO group of TDI-HEMA adduct. The scheme of this reaction can be followed
in Figure 3. A certain amount of AESBO oligomer was mixed with the TDI-HEMA adduct by measuring the molar
ratio of unreacted —NCO groups, in a round bottom flask having a magnetic stirrer and condenser. The reaction
flask was heated to 80 °C for 1 h. The reaction ended when the isocyanate peak in FTIR spectra completely

disappeared.
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Figure 3. Synthesis scheme of the TDI-HEMA modified AESBO oligomer

2.2.1. Preparation and Application of Coating Formulations

The synthesized TDI-HEMA modified AESBO oligomer was included in the coating formulations along with 40
wt.% reactive diluent and 5 wt.% photoinitiator. Reactive diluents are frequently used in UV-curable coating
formulations to reduce the formulation's viscosity and improve the coating layer's mechanical characteristics by
adjusting the crosslinking density [21]. In this study, three different types of reactive diluents were employed to
observe the effects of reactive diluent types on the coating performance of photo-cured TDI-HEMA modified
AESBO oligomer. The type of the reactive diluent and the sample codes are illustrated in Table 1. After preparing
the coating formulations, a spray gun (Figure 4a) was used to coat the Al surface. Then the coated surfaces were
put in a zip-locked PE bag and two glass plates in order to prevent oxygen inhibition during photo-curing. A UV

cabinet (Figure 4b), with a 365 nm UV light capacity, was used to cure the formulation.

Table 1. Sample codes and compositions

Sample Codes Reactive Diluent Functionality
A None None
B NVP (N-vinylpyrrolidone) Aromatic
C HDDA (1.6-hexanediol diacrylate) Difunctional
D TMPTA (trimethylolpropane triacrylate) Trifunctional
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Figure 4. Spray coating (a) and UV-curing (b) processes

2.3. Characterization of materials

The synthesized oligomer was included in coating formulations along with the reactive diluents (Table 1) and
photo initiator. Then, the formulations were casted on PTFE molds and cured by UV light to obtain UV-cured free
films. Fourier transform infrared (FTIR, Perkin Elmer Spectrum 100 FTIR, with a ZnSe ATR sample holder) was
used to analyze the chemical structure of the synthesized oligomers. Differential scanning calorimetry (DSC,
Perkin Elmer Jade DSC instrument with Pyris software) was employed to observe the thermal transitions (Tg and
Td) of UV-cured free films. DSC analysis was recorded from 30-250 °C with a heating rate of 10 °C/min under a
nitrogen atmosphere. The adhesion of coating formulations on Al plates was evaluated by using a cross-hatch
(adhesion) test according to the DIN 53151 standard, by using a SH model of Sheen cross-cut testing kit. The
coated UV-cured Al plates were also tested by means of rust formation upon water exposure by using the ASTM
D610-08 standard.

I1l. RESULTS AND DISCUSSIONS
3.1 FTIR Analysis

The synthesized oligomers give characteristic peaks about the intended functional groups. The peak at 1744 cm
belongs to the carbonyl group of soybean oil for the spectra of a and b, whereas in c, it represents the carbonyl
groups of HEMA and carbamate ester groups. The C-H asymmetric stretching vibration peaks in —CH.- and -CH3
groups were observed at 2924 cm™ and 2854 cmt, respectively. In the spectra of ESBO, the C-O-C asymmetric
stretching vibration peaks at 823 cm™* and 1155 cm™ were attributed to the existence of the epoxide group. These
peaks both disappeared after the reaction with AA. The newly formed peaks at 1619 cm™ and 1636 cm™ in AESBO
spectra confirmed the existence of acrylate functionality with C=C double bond stretching vibration and C=0
vibration. Additionally, the C-H bending vibration peak at 809 cm™ also supports the epoxide ring-opening
reaction. On the spectra of ¢ and d, the carbonyl groups of HEMA and carbamate ester peaks at 1744 cm™ overlap

with the carbonyl group peaks of ESBO. Additionally, the peaks at 825-895 cm™ region on the spectra of ¢ and d,
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are confirming that the existence of multiple substitution aromatic hydrocarbon units of TDI. The non-reactive
diluent (THF) still exists in the system which needs to be evaporated prior to the coating and UV curing stages
[19, 20].
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Figure 5. FTIR spectra of the synthesized oligomers; (a) ESBO, (b) AESBO, (c) TDI-HEMA adduct, (d) TDI-HEMA modified AESBO

3.2 DSC Analysis

DSC analysis was employed to observe the thermal transitions of UV-cured free films. Figure 6 shows the DSC
curves of free films utilizing each reactive diluent type. The inclusion of reactive diluents in the formulation causes
an increase in crosslinking density resulting in less molecular mobility with higher T4 values [21]. Accordingly,
due to the bulky aromatic functional group of NVP, the sample of B showed the highest T4 value (102 °C).
Considering samples C and D, having HDDA and TMPTA as reactive diluents, it is obvious that with the
increasing functionality of the reactive diluents, Ty moves towards higher temperatures [22]. Thus, the T4 value of
D is higher than C due to the trifunctional groups on its backbone. In other words, the decrease in Ty values can
be explained by the following explanation; due to the penetration of reactive diluent molecules having shorter
chains with less functionality between soybean oil-based oligomers, the chain alignment was disrupted and the
van der Waals bonding between the adjacent chains were reduced thereby providing more free volume in the
system. Besides T, the decomposition area was also observed in the 140-190 ‘C temperature range for all samples

due to the inherent decomposition temperature of acrylate-based monomers around 180 °C [23, 24].
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Figure 6. DSC curves of UV-cured free films

3.3 Crosscut Adhesion Test

The ASTM standard was followed for performing the cross-hatch (adhesion) test. The cross-hatch test result varies
between 1B and 5B, where 1B denotes poor adhesion, which means that 35-65% of the film is taken from the
surface, and 5B shows no film pull-off, which indicates the highest level of adhesion [25]. Figure 7 shows the
cross-hatch test results along with the sample surface images. The sample A shows the poorest adhesion with a
cross-hatch result of 2B. This result stems from the lack of reactive diluent in the formulation. After adding reactive
diluents, the adhesion of the coating layer remarkably increased for all samples. The polar nature of acrylate groups
in HDDA and TMPTA which support adhesion promotion caused the best cross-hatch test results with 4B in
samples C and D. In contrast, in the sample of B, the pyrrolidone group of NVP has less polarity resulting in a less

adhesion onto the Al surface.

3.4. Water Immersion Test

Table 2 shows the water immersion testing results of coated and UV-cured Al plates based on the visual evaluation
of rusted areas after 24h water immersion. During the evaluation, rusted areas are categorized into 3 groups in
terms of the shape and type of rusting. These are spot (S), pinpoint (P), and hybrid (H). In this study, after 24h
water immersion of Al plates, rusting areas were observed in both spots and pinpoint shapes, thus a hybrid-type
rusting occurred. Grading varies from 0 to 10 and 10 means no rusting, and 0 means more than 50% rusting. The
testing result is given with both the grade and the type of rusting, i.e. 8-P means the rusted area is in the range of
0.03-0.1 % with a pinpoint rusting shape. Accordingly, the highest rusting grade of 3-H, which means that the
rusted area is in the range of 10-16 % with a hybrid rusting shape, was recorded in the sample of A due to the lack
of reactive diluent in the formulation resulting in poor adhesion on the surface. It is obvious that the inclusion of

reactive diluent to the formulation helped to prevent the formation of rust by increasing the crosslinking density
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resulting in enhancement in adhesion onto the surface. It seems that trifunctional and aromatic functional reactive

diluents are much more effective than difunctional ones in preventing rusting [26].

Table 2. Water immersion testing results

Sample Codes
None NVP HDDA TMPTA
3-H 7-H 5-H 6-H
Scale and Type of Rusting

HDDA -4B
Figure 7. Cross cut testing results with the surface images

IV. CONCLUSIONS

In this study, a bio-based alternative to the petrochemical coating formulations on Al plates was examined with
the help of UV-curing technology. The epoxide groups of ESBO were reacted with AA, and then the NCO groups
of TDI-HEMA adduct were employed to modify the AESBO oligomer. The obtained photocurable oligomer was
included in coating formulations with various reactive diluent types. FTIR spectra proved the formation of acrylic
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functional groups in the AESBO oligomer backbone. The formation of carbamate ester groups upon the reaction
with TDI-HEMA adduct was also followed by the FTIR spectroscopy. Due to the increase in crosslinking density
with reactive diluents, T4 values shifted to the higher temperatures. The crosscut adhesion and water immersion
test results revealed that the inclusion of reactive diluents in the coating formulations helped to increase
crosslinking density resulting in enhancement in adhesion through giving less rusted areas. The number of
functional groups of reactive diluents is the key parameter that determines the coating quality and performance.
Besides, the type of functional group (aliphatic, aromatic, etc.) is also effective in coating quality by adjusting the
free volume and molecular mobility of the polymer network. As conclusion, this study proved that bio-based
photocurable formulations can be suggested as an alternative to the petrochemical components in conventional

metal coating applications.
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