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Abstract

This study focuses on the development and characterization of polyurethane coat-
ings using castor oil as a renewable source. Most castor oil-based polyurethane
paints have a rather long curing process. Therefore, this study focused on the prepa-
ration of a polyurethane paint based on raw castor oil without the need for chemi-
cal modifications, in a quick and cost-effective manner. The methodology involved
the preparation of the paint using castor oil, isocyanate, calcium carbonate, titanium
dioxide, additives and solvents. The coatings were then characterized and compared
with industrial polyurethane paint in terms of thermal properties, rheology, UV deg-
radation, adhesion, water resistance, and resistance to salt spray corrosion. Results
showed that the castor oil-based paint exhibited comparable rheological behavior to
the commercial paint, with superior thermal stability. However, the industrial paint
showed better performance in UV degradation and similar behavior in the adhesion
tests. In the water resistance test, the castor oil-based paint proved to be superior to
the commercial paint. The salt spray corrosion test revealed that the castor oil-based
paint had superior corrosion resistance due to the higher proportion of castor oil in
the formulation, which increases the crosslinking of the chains. This work offers a
simple and fast method to prepare and substitute petrochemical polyols with castor
oil in order to use renewable sources with promising properties.
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Introduction

Polyurethanes (PUs) are polymers resulting from the reaction between chemical
groups containing isocyanate (-NCO) and another chemical substance with groups
(-OH). The result of this reaction is the formation of the polymer,whose structure
is present in the most diverse materials from this reaction, such as foams, thermo-
plastics, adhesives, sealants, elastomers and also in paints. Although PUs, in their
various forms, have excellent properties and a wide range of applications, these
materials generally come from petrochemical sources, and their production ends
up accentuating the unwanted effects of global warming due to greenhouse gas
emissions. There is also growing global concern about the increasing dependence
on resources derived from fossil sources, due to the increase in the price of a bar-
rel of oil [1-4].

To mitigate the unwanted effects of reagents from petrochemical sources, poly-
ols can be replaced with substances from renewable sources, such as castor oil.
Compared to other vegetable oils, castor oil is a promising alternative for the pro-
duction of PUs [5, 6]. Castor oil is made up of triglycerides with several fatty
acids, with ricinoleic acid being its main constituent, comprising approximately
90% of its composition [7].

The oil has three hydroxyl groups in its structure, which characterizes it as a
natural polyol. These characteristics make it a suitable material to be used as a
monomer for crosslinking PUs. Furthermore, this vegetable oil has several pos-
itive characteristics, such as low toxicity, biodegradability and affordable cost.
Furthermore, it is a non-edible oil, which does not affect the global food supply
[4, 8]. In addition to being found in several regions with a tropical climate, Brazil
stands out as one of the largest producers and exporters of castor oil in the world
[9], this boosts its use as a raw material by the industry for the production of
polymers [1, 10-12].

PU paints are composed of resin, solvent, pigments and additives, and can use
both natural resins based on vegetable oils and synthetic resins. Its purpose is
to adhere and form a film on the applied surface. The resin, together with the
solvent, plays a crucial role in defining the properties of paints, such as drying,
durability and adhesion. Due to their excellent characteristics, such as resistance
to corrosion, abrasion, flexibility, fast curing and chemical resistance, PU paints
exert considerable influence on the market. These attributes make them widely
used as high-performance coatings in the automobile industry and in household
appliances in general [13, 14].

The study of polymerization between crude castor oil and isocyanates for the
formation of PU paint films is well established. However, many studies use ali-
phatic isocyanates, which are significantly more expensive compared to aromatic
isocyanates, and the film curing process can take 3 to 15 days [15, 16]. Thus, the
present work focuses on the preparation of a crude castor oil-based paint in a sim-
ple and rapid manner, with film formation in less than 24 h. For this, the PU paint
based on castor oil was characterized and compared with industrial PU paint to
evaluate its thermal and rheological properties. Ultraviolet degradation, adhesion,
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water resistance, and salt spray corrosion resistance tests were conducted for both
paints, aiming to use crude castor oil as a promising substitute in the preparation
of new, less expensive, and less harmful to the environment PU paints.

Material and methods
Materials

For the preparation of the resin, raw castor oil purchased from QuimisulSC, Bra-
zil, with hydroxyl and acidity indices of 155 and 1.69 mg KOH/g, respectively, and
commercial 2,4-diphenylmethane diisocyanate from Redelease, Brazil, were used.
Calcium carbonate (CaCO;) AR from Exodo Cientifica, Brazil, was used as filler.
Commercial rutile titanium dioxide from Brazil was used as pigment, and toluene
AR from Mallinckrodt UltimAR was used as solvent. The additives employed were
Tween 20 AR from Neon, Brazil, commercial Renex from Brazil, and Cobalt drier
Classic Acrilex from Brazil. Finally, for comparison purposes, the two-component
aliphatic PU paint Sumatane 355 from Sherwin-Williams was applied. All reagents
were used without prior purification.

Preparation of castor oil-based polyurethane paint

The castor oil-based paint was prepared based on the methodology developed by
Alves (2024) [17], in which a 3% factorial design was applied and obtained 9 samples
with different characteristics, and the best sample was chosen to continue the analy-
sis. Based on this, below are the main components of the prepared paint.

To prepare the paint, castor oil and isocyanate were added under mechanical stir-
ring at 300 RPM in a plastic beaker. After that, toluene, as a solvent, was added,
along with calcium carbonate (CaCO;) and titanium dioxide (TiO,) to the binder
for the purpose of homogenizing the components. And subsequently, additives were
added, such as renex (dispersant), tween 20 (humectant), cobalt drier was added, and
the mixture was homogenized for 10 min. The paint was then applied to the desired
substrate and left to cure at room temperature for 24 h. Table 1 shows the paint com-
ponents and quantities used.

The preparation of COPUP can be seen in Fig. 1.

Table 1 Composition of castor

oil-based polyurethane paint Coating components Proportion
Resin 40% castor oil and 20% isocyanate
Filler 2% of CaCO;
Pigment 4% of TiO,
Additives 0.05% cobalt drier, 1% renex and
0.95% tween 20
Solvent 32% of toluene
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Fig. 1 Graphical representation of the preparation of the castor oil-based paint
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Fig.2 Representation of the reaction pathway between castor oil and diisocyanate for the formation of
the polymeric structure

The synthesis demonstration of COPUP is shown in (Fig. 2).

Preparation of two-component aliphatic PU paint Sumatane 355

The commercial PU paint was prepared according to the manufacturer’s instruc-
tions, in which 8.6 g of component A and 1 g of component B were weighed into a
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plastic container. Subsequently, the paint was stirred at 300 RPM for approximately
5 min to homogenize the components.

Characterization of polyurethane coatings and tests
Fourier-transform infrared spectroscopy (FTIR)

The PU coatings were characterized by FTIR using the PerkinElmer Spectrum 65
spectrophotometer located in the polymer characterization laboratory at the José
Crespo Gonzales College of Technology, Sorocaba. To generate the spectra, a reso-
lution of 4 cm™! was used with a 64-scan sweep.

Rheology test

To prove the rheological property of the coating prepared in the laboratory, rheology
tests were carried out together with the industrial paint using the DHR-2 rheom-
eter from the TA Instruments brand at the Pontifica Universidade Catdlica, Sorocaba
campus. The tests were carried out at 25 °C using the cone-plate geometry, with a
diameter of 40 mm and a spacing of 55 um. To generate the flow test curves, the
apparent viscosity was obtained by varying the shear rate from 10~ to 5.500 s~'.
For the thixotropy test, the materials were subjected to three loading blocks varying
the shear rate. In the first block, the inks underwent a shear rate of 0.1 s~! for 120 s.
Subsequently, the rate was increased to 3.000 s~! where it was applied for 120 s and
finally, the rate was reduced to 0.1 s~! being applied for 300 s. And in the frequency
sweep test, a controlled shear deformation amplitude of 1% and frequency variation
from 0.1 to 500 rad/s were used.

Thermogravimetric analysis (TGA)

To evaluate the thermal properties of coatings, thermogravimetry tests were carried
out with the TGA/DTA equipment model 6200 from the brand SII Nanotechnology.
The analysis parameters were the following: heating rate: 10 °C/min, temperature
range from 25 to 900 °C and nitrogen atmosphere with a flow rate of 100 mL/min.

Differrential scanning calorimetry (DSC)

With the purpose of analyzing the thermal transitions of coatings, DSC curves were
carried out, the 1st stage being the heating and cooling process with an isotherm
of 3 min at 110 °C and subsequent cooling to -90 °C to erase the thermal history.
The 2nd stage of heating and cooling were considered for data collection using the
DSC 25 equipment from the TA Instruments brand. The analysis parameters were
the following: heating rate of 10 °C/min, temperature range from -90 to 110 °C and
nitrogen atmosphere with a flow of 50 mL/min. Data were collected using the Trios
software.
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Optical microscopy

In order to monitor the UV degradation of the paint samples, images were taken
every 50 h of exposure using the Leica EZ4W optical microscope coupled to the
computer.

Water resistance test

The static immersion test is considered a method for evaluating the water resistance
of coatings using the gravimetric method. For this, the samples were immersed in
distilled water at a temperature of 25 °C and weighed every 24 h. After that, the
samples were dried at 40 °C for one hour in an oven. The mass change was calcu-
lated using Eq. 1, where M, represents the initial mass of the sample before immer-
sion and M, is the final mass after immersion. The data were plotted as a function of
time.

M,

A=Y =M 00
T M, ’ )

UV degradation test methodology used in coatings

In order to evaluate the resistance to UV degradation of the prepared coating, two
square-shaped substrates with dimensions of 50X 50 mm were prepared. The sub-
strates chosen were A36 steel and fiberglass composite with vinyl ester resin. For
comparison purposes, two substrates were painted with COPUP and two substrates
with [PUP. The wet paint layer thickness was standardized for all samples at 150 um
with the aid of a wet film measuring comb. The UV chamber used for the test was
built and adapted according to Vaz et al. (2008) [18]. In order to shorten the test
period, UVC lamps with a wavelength of 254 nm were used and every 50 h the sam-
ples were taken to an optical microscope in order to evaluate the effects of acceler-
ated aging on the paints, such as the formation of bubbles, cracks, color changes and
loss of gloss for 300 h. The test was carried out in triplicate for the two coatings on
different substrates.

Paint adhesion test methodology

In order to determine the adhesion of the prepared paints, square-shaped A36 steel
substrates measuring 50 x50 mm were prepared and painted. The test was carried
out using method A, known as X-cut, in accordance with the standard ABNT NBR
11003 [19], which consists of making two cuts of 40 mm in length each, being inter-
cepted in the middle. Subsequently, a 10 cm tape was applied to the center of the
intersection. The tape was smoothed with the finger in the areas of the incisions
and the tape was rubbed with an eraser in the longitudinal direction, for uniformity
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purposes. After 1 to 2 min, the tape was removed at an angle close to 180°. The test
was carried out in duplicate for samples without degradation and in sextuplicate for
samples degraded at 300 h in UVC in order to verify the adhesion of the samples on
the substrate before and after exposure.

Salt spray test methodology for paints

In order to evaluate the corrosion resistance of paint prepared in the laboratory and
commercially, the standard NBR 5770 [20], in which a steel substrate measuring
50%50 mm was used. The specimens were sanded, washed, dried and painted with
a wet paint thickness of 150 um using the wet film measuring comb. Subsequently,
an incision was made in the middle of the sample and the specimens were taken to
the equipment. For the test, the Bass equipment LTDA equipment was used with a
5% sodium chloride (NaCl) solution for 1000 h at a controlled temperature of 35 °C.
At the end of the test, the pieces were washed and dried. The test was carried out in
triplicate for both paints.

Results and discussion

FTIR of castor oil based PU paint and industrial paint

Figure 3 displays the FTIR spectrum of castor oil-based paint (COPUP). Initially,
the N-H stretching vibration of the intramolecular urethane bond is notable, occur-
ring at about 3337 cm™'. Then, the deformation bands of the CH; and CH, groups

are identified, at 2933 and 2860 cm™', respectively. The detection of stretching of
the carbonyl group at 1730 cm™" indicates the presence of free carbonyl. At around
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Fig.3 Infrared spectroscopy of IPUP and COPUP
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1529 cm™!, bending vibrations of the N—H bond occur, accompanied by the charac-
teristic band of the C-N bond, at approximately 1312 cm™'. A characteristic band
of isocyanurate rings was also observed, around 1414 cm™. Lastly, the absorption
bands at 1220 cm™', 1100 and 1050 cm™" are attributed to the presence of C—-O-C
bonds [21-24].

For comparison purposes with the paint prepared in the laboratory, the two-com-
ponent industrial aliphatic polyurethane paint (IPUP) was characterized. The bands
at 2933 and 2864 cm™! are evident, which correspond to the asymmetric and sym-
metric stretching vibrations of the methylene CH, group. Furthermore, it is pos-
sible to observe another vibration mode of CH, with the appearance of the band
at 1467 cm™'. The characteristic frequencies of the urethane bond are observed at
1732 cm™!, where the C=0 stretching vibration of the ester overlaps the urethane
bond, resulting in a peak with high intensity. The stretching at 1149 cm™" is related
to the C-O—C group, while the one at 1055 cm™" is related to the C—N group. The
peak at 1246 cm™! is attributed to the amide IIT band, while the peak at 1522 cm™!
refers to the amide II band [20, 21]. It is important to highlight that the appearance
of neither the absorption band of the NCO group in the range of 2250 to 2270 cm™!
nor of hydroxyl groups in the region of 3500 cm™' was observed. This suggests that
the reaction was complete, without the presence of any remaining groups. Thus, it
can be stated that the PU paints were successfully synthesized, both for laboratory
preparation and for industrial use [25].

Flow rheology test

The flow rheology test aims to analyze the behavior of apparent viscosity over a
wide range of shear rates. In the flow test, it is desirable for paints to maintain high
viscosity at low shear rates, as this characteristic ensures good sedimentation resist-
ance properties and pigment stability during storage [27].

Analyzing (Fig. 4), it can be seen that IPUP presented greater stability to sedi-
mentation, as its apparent viscosity is greater at low shear rates, which is not
observed for COPUP, which demonstrated a lower viscosity under the same condi-
tions. The higher apparent viscosity of IPUP can be explained by the high amount
of inorganic fillers in its composition, as demonstrated in Table 2 in the thermo-
gravimetry test, which can result in a higher apparent viscosity. However, the higher
apparent viscosity under low shear rates may result in greater difficulty in leveling
the applied layers of IPUP, in relation to COPUP. Comparing both paints, COPUP is
easier to apply, due to a lower apparent viscosity for higher shear rates [27, 28].

It is observed that, even at shear rates lower than 2 s~!, IPUP presented a higher
value of apparent viscosity, indicating a rheological behavior that is more favorable
to the resistance to separation of components and paint flow. However, after shear
rates greater than 2 s~!, IPUP did not demonstrate a significant reduction in apparent
viscosity compared to COPUP, which may make it difficult to apply by brushes, roll-
ers or spray. In the case of COPUP, there is a greater probability of sedimentation
occurring at low shear rates [27].
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It is important to highlight that both paints exhibited a rheological behavior
typical of non-Newtonian fluids, that is, the viscosity decreased as the shear rate
increased, indicating pseudoplastic behavior, which is an expected behavior for

paints [29].

Thixotropy Test (3ITT)

The three-interval thixotropy test model (3ITT), demonstrates very closely a real
scenario of applying paints using brushes or rollers, which represent the loading,
lamination and consequent leveling of the paint flow ink [27, 30]

Fig.5 Thixotropy assay (3ITT)
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Fig.6 Frequency sweep test 102
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When examining (Fig. 5), it is noted that [PUP had a higher initial apparent vis-
cosity compared to COPUP. It is also evident that, for both coatings, the shear rate
of 3000 s™! resulted in a significant decrease in apparent viscosity, with this reduc-
tion being more pronounced for [PUP. Subsequently, when reducing the shear rate,
a recovery of the apparent viscosity is observed for both coatings, with this recovery
being faster for the IPUP paint [27].

The apparent viscosity under a shear rate of 3000 s~! was close to 1 for IPUP and
close to 0.4 for COPUP. Therefore, high shear rates result in lower viscosity values,
a desirable property for paints. This indicates greater ease of application using vari-
ous instruments, such as rollers, brushes and also sprays [27].

Thus, both IPUP and COPUP showed a very pronounced and similar thixotropic
behavior, due to the significant variation in apparent viscosity at high shear rates
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Fig.7 TG-DTG curves for paints
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and the slow and non-linear recovery with the reduction of this rate over time. IPUP
demonstrated a recovery of approximately 100% of its viscosity in about 5 s, faster
than COPUP. Therefore, COPUP has a greater tendency to flow compared to IPUP,
as COPUP has a lower apparent viscosity during the three intervals [27, 30].

Frequency sweep test

As illustrated in (Fig. 6), it is observed that none of the two paints presented stor-
age modulus (G’) values higher than the loss modulus (G’’) at all frequencies.
This behavior differs from that reported by [27], which may suggest a greater
resemblance to a liquid than a solid under small deformations. In other words, in
this case, viscous behavior prevails over elastic behavior. Therefore, both paints
do not maintain a stable shape and can flow easily even at very low viscosities.
This can lead to a lower degree of stability, with the possibility of sedimentation
and phase separation of these paints during the storage period [31].

It was also noticed that the paints had practically parallel G’ and G’’ values; how-
ever, G’ was not higher than G’ at any of the frequencies investigated, which may
indicate less stability between the two paints [27].

Thermogravimetry and coating derivative (TG-DTG)

In (Fig. 7), the TG and DTG curves of COPUP and IPUP inks are shown. It is
observed that COPUP demonstrated superior thermal resistance to IPUP, as COPUP
maintained thermal stability up to 297 °C, with approximately 5% mass loss, while
IPUP showed a mass loss of 5% at around 185 °C, in the range between 73.20 to
255.77 °C. Thus, it is noted that IPUP exhibited a considerably anticipated mass
loss, which may be an undesirable property for certain applications where higher
temperatures are expected. It is also important to highlight that COPUP presented
superior thermal stability than the PU paints mentioned in the literature, which
exhibit starting decomposition temperatures of around 250 to 284 °C, considering a
mass loss of 5% [13, 32, 33].

It can be seen that COPUP presented three well-defined degradation stages, while
IPUP presented two. IPUP showed a loss of mass at around 150 °C, which may
be related to unreacted products, as well as short chain segments that did not go
through the cross-linking process during curing, or even to the evaporation of mois-
ture and volatile molecules present in the sample [34, 35].

The first stage of degradation is associated with the degradation of the rigid seg-
ments, due to the low thermal stability of the urethane groups, while the second and
third stages are related to the thermal decomposition of the flexible segments, which
have more robust chemical bonds [36].

When observing Table 2, it is noted that, during the two stages of thermal degra-
dation for both samples, COPUP exhibited greater thermal stability and lower mass
loss for each stage of degradation. However, when analyzing the residual mass of
each sample, it appears that [PUP presented a significantly higher amount of inor-
ganic residual mass than COPUP, suggesting that IPUP possibly contains a high
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Fig.8 DSC curves of the paints from the 2nd run

amount of fillers in its composition that act as reinforcements. Some authors [13]
indicate that a greater amount of mass residues in paints suggests the presence of
several thermostable units that are part of the binder component.

The greater thermal stability of COPUP compared to IPUP can be attributed to
the presence of fillers, such as CaCO;, which can function as a thermal insulator,
improving the thermal stability of the material. Furthermore, these fillers can pro-
vide a barrier effect, delaying the release of volatile compounds originating from the
thermal decomposition process [32, 34, 36].

It is also important to highlight the presence of the pigment TiO,, which,
according to studies reported by other researchers, can delay the beginning of the
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Fig.9 Mass variations of COPUP and IPUP plotted as a function of immersion time
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decomposition process of the material, thus contributing to improving its final ther-
mal stability [37].

Differential scanning calorimetry of paints (DSC)

In (Fig. 8), the DSC curves of PU paints are represented. Initially, both inks pre-
sented very close glass transition temperature values (Tg): 16.44 °C for the [PUP
ink and 20.99 °C for the COPUP ink. The analyzes indicated that the paints have
an amorphous structure, as no thermal events were observed, such as crystalliza-
tion and melting peaks. Knowing the Tg value of polymers, especially in paints,
is extremely important, as these materials do not show mobility at temperatures
below their respective Tgs. Therefore, it can be inferred that COPUP ink has greater
dimensional stability compared to IPUP [38].

According to the observations of Kathalewar et al. (2013) [39], different types of
isocyanates can result in different Tg values for PUs, especially HDI, used in IPUP
paint, which can lead to less crosslinking of the material and, consequently, a lower
Tg compared to COPUP, in which it was MDI was used as a hardener. Furthermore,
it is important to highlight that PU paints prepared with HDI generally have a Tg of
around 10 to 20 °C, which is in agreement with experimentally obtained data [40].

Fig. 10 Images of industrial paint applied to A36 steel substrate exposed to 0, 50, 100, 150, 200, 250 and
300 h under UVC
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Water resistance of coatings

Figure 9 presents the mass change curves over time for COPUP and IPUP. PUs
generally have a strong tendency to absorb water, which can compromise the per-
formance of the coating and lead to a loss of adhesion to the substrate. The paints
used in this study are composed of resin, additives, and fillers, components that may
affect the water resistance of each formulation [41, 42].

When analyzing COPUP, a significantly different behavior is observed com-
pared to IPUP, where both apparent mass gains and losses are noted. Considering
the error, it is evident that the uncertainty is greater than the measured magnitude
for COPUP during the time intervals of 72, 96, 168, 192, and 216 h. Therefore, it
is not possible to statistically assert that there was a significant variation in mass
for the samples during these intervals. However, considering the mass variation for
the intervals where the uncertainty was not greater than the magnitude, COPUP
absorbed approximately 2.7% of water during the 240 h of testing. Consequently,
COPUP exhibited excellent water resistance, which can be attributed to a less per-
meable surface of the sample, as well as the hydrophobicity of the castor oil chains
[43].

In comparison, IPUP exhibits behavior quite different from that observed in
COPUP, where mass gains, despite some variations, showed a certain linearity.

Fig. 11 Images of the industrial paint applied to the fiberglass composite substrate with vinyl ester resin
exposed to 0, 50, 100, 150, 200, 250 and 300 h under UVC
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Fig. 12 Images of castor oil-based paint applied to A36 steel substrate exposed to 0, 50, 100, 150, 200,
250 and 300 h under UVC

Considering the measured error, it is evident that IPUP did not exhibit, at any time
interval, an uncertainty greater than its magnitude, indicating that the material
indeed absorbed more water compared to COPUP, absorbing approximately 5% of
water during the 240 h of testing. This observed behavior may be related to its com-
position, such as a less dense network structure, which allows for greater water pen-
etration. Thus, COPUP exhibited superior water resistance compared to IPUP [41].

Optical microscopy of industrial polyurethane paint

The optical microscopy images illustrated the main aspects of degradation of indus-
trial PU paint and that prepared in the laboratory, applied to A36 steel substrates and
vinyl ester resin with fiberglass, as shown in (Fig. 10).

In the first 50 h of UVC degradation, it is noted that the industrial paint applied
to A36 steel practically showed no significant change in color. However, upon reach-
ing 100 h of testing, the paint exhibited a marked loss of brightness, along with the
appearance of brown spots and small bubbles. When the test reached 150 h, these
characteristics became even more evident, and the paint practically lost all its shine,
presenting a very matte finish. Finally, between 200 and 300 h, a greater prevalence
of small bubbles on the paint surface was observed. The results observed for the
industrial paint are in accordance with data reported in the literature, as aliphatic
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PUs do not exhibit significant discoloration, since they do not have a sequence of
several m bonds that could act as chromophores, thus altering the color of the mate-
rial [44].

The industrial paint applied to the vinyl ester resin substrate with fiberglass in
(Fig. 11) showed similar behavior to the paint applied to steel. In the first 50 h of
testing, the paint lost its brightness, and during the 100 h of degradation, small
brown spots appeared. Upon reaching 150 h, small bubbles appeared, and at 200 h,
dark brown spots appeared, similar to the phenomenon that occurred with paint
applied to steel. Between 250 and 300 h, these characteristics intensified. These phe-
nomena, such as the formation of bubbles, loss of gloss and stains, are clear indica-
tors of paint degradation caused by accelerated aging. The small color variation of
the ink when exposed to UV radiation can be associated with the good resistance to
UV degradation provided by HDI to the paint [45].

Optical microscopy of castor oil-based polyurethane paint

For the castor oil-based PU paint applied to A36 steel in (Fig. 12), it can be seen that
in the first 50 h of testing, the paint already showed a change in color, acquiring a
yellowish tone.

The yellowing can be explained by the presence of aromatic rings in the PU
structure. When these rings absorb electrons, the polymer is isomerized to an

Fig. 13 Images of castor oil-based paint applied to fiberglass composite substrate with vinyl ester resin
exposed to 0, 50, 100, 150, 200, 250 and 300 h under UVC
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Fig. 14 Adhesion test for non-degraded samples of COPUP on the left and IPUP on the right

enol form, as it has three interspersed double bonds, which results in yellowing.
Furthermore, this phenomenon is also associated with the scission of urethane
groups and the photooxidation of groups, such as CH,, which are located between
the aromatic rings of the polymer structure. Oxidation of the urethane bond pro-
duces the quinone-imide structure, which acts as a chromophore responsible for
the yellowing of the material [44, 46, 47].

Upon reaching 100 h of testing, it is possible to notice small circle-shaped yel-
low spots. This phenomenon can be explained by the formation of radicals aris-
ing from the oxidation of the flexible PU segments, especially the polyester pre-
sent in castor oil, which can also contribute to the oxidation of aromatic urethane
bonds by subtracting the hydrogen present in the carbon atom. from the CH,
group. Upon reaching 150 and 200 h of exposure, these characteristics become

Fig. 15 Adhesion test for degraded COPUP and IPUP samples
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Fig. 16 Industrial paint on the left and castor oil-based paint on the right before salt spray testing

Table 3 Degree of corrosion

: . Coating Degree of rusting Degree of rusting
for casFor 011.—based paint and (ASTM 610) (ABNT NBR
industrial paint 15239)

COPUP 1 6-S Degree 6
COPUP 2 2-S Degree 4
COPUP 3 3-S Degree 6
IPUP 1 1-G Degree 0
IPUP 2 1-G Degree 0
IPUP 3 1-G Degree 0

more expressive, accompanied by a greater loss of brightness and a new change
in color, changing to a lighter yellowish tone. Between 250 and 300 h, the yellow
spots are no longer evident. Although the paint showed a loss of gloss throughout
exposure to UV radiation, the castor oil-based paint showed less loss of gloss
when compared to the industrial paint throughout the accelerated aging period
[47].

The castor oil-based PU paint applied to the vinyl ester resin substrate with glass
fiber showed degradation characteristics similar to those observed when applied to
steel, as can be seen in (Fig. 13).

Among these characteristics, yellowing can also be highlighted, due to photoxi-
dation and scission of urethane groups, which was also observed in the first 50 h of
degradation on the steel substrate [46, 48].

After 100 h, yellow spots appear on the substrate resulting from the oxidation
of the flexible segments of castor oil. Between 150 and 300 h, the color change to
a lighter tone is evident, the same event that occurred with the paint applied to the
steel. It is important to highlight that, although COPUP showed an evident color
change within a few hours of exposure, the paint managed to maintain a shiny
appearance, unlike industrial paint, however, it showed the formation of larger bub-
bles than those presented by industrial paint. Therefore, paint containing MDI as
isocyanate presents a limitation regarding its use in external applications where
color is a preponderant factor, as it is quite sensitive to photodegradation [47, 48].
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Determination of adhesion of non-degraded samples

From (Fig. 14) for the non-degraded samples, it is possible to observe that they did
not show detachment at the intersection, nor along the incisions. This corresponds
to codes YO and XO, according to the ABNT NBR 11003 standard, demonstrating
that both COPUP and IPUP presented excellent adhesion on the substrates. This
result can be attributed to the fact that COPUP was prepared with a higher ratio of
castor oil responsible for the flexible segment in relation to isocyanate, which is in
accordance with [49]. The authors claimed that greater PUP flexibility favors greater
mechanical adhesion to the substrate, as discussed by [50].

Determination of adhesion of samples degraded in UVC

According to (Fig. 15), in the adhesion test for samples degraded in 300 h under
UVC, it can be seen that only one COPUP sample showed peeling just below the
intersection, corresponding to codes Y, and X.

This may have been caused by the lack of uniformity during tape removal, since
the other five samples did not show any detachment at the intersection, only showing
detachment of up to 1 mm along the incisions, which corresponds to code Y, and
X;. It is worth highlighting that, despite the phenomenon discussed about yellowing
on the surface of COPUP being related to the degradation of the material, the veg-
etable-based paint did not show significant losses of adhesion on the substrate, and
this result is corroborated with the results obtained by [51]. The authors evaluated
the exposure of PUs under UV and noticed that after a long period of exposure, the
PU underwent greater cross-linking in its chains, which can improve the mechanical
resistance properties of the material, as discussed.

In comparison, the IPUP samples showed no detachment at the intersection and
also only detachment of up to 1 mm along the incisions, being code Y and X, for
these samples. Therefore, it can be stated that even after exposure to ultraviolet, the

Fig. 17 Industrial paint on the left and castor oil-based paint on the right after 1000 h of exposure to the
salt spray chamber
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Fig. 18 Possible mechanism for corrosion protection by the film. (a) IPUP film and (b) COPUP film with
a high degree of crosslinking

samples exhibited excellent adhesion, both for COPUP and IPUP. In view of this, it
can be stated that the vegetable-based paint demonstrated adhesion properties very
similar to industrial PU paint, which are known for their good adhesion to the sub-
strate, as discussed [52].

Salt spray test

In (Fig. 16), it is showed the industrial PU paint on the left and the castor oil-based
PU paint on the right before the test.

Table 3 presents the performance results of the degree of corrosion of the sub-
strates, in accordance with ASTM D610 and ABNT NBR 15239, and qualitatively
between them. It is notable to note that the industrial PU paint showed the high-
est degree of corrosion on the substrate of the painted sample compared to the cas-
tor oil-based PU paint, as the denomination of the 1-G and Degree O results of the
industrial paint is resulting from intense corrosion and the existence of delamination
of the paint from the substrate, on the other hand, for the castor oil-based PU paint,
the results were 6-S and Degree 6, where it had a low percentage of corrosion, there
is no evidence of paint delamination [51, 53-55].

In (Fig. 17) it is possible to notice the degree of corrosion of the test specimens
coated with aliphatic polyurethane paints on the left and castor oil-based polyure-
thane paints on the right. There is a noticeable difference in behavior between the
formulations, especially in relation to the adhesion of the paint to the substrate.
When comparing the castor oil-based polyurethane paint with the aliphatic polyu-
rethane paint, it is noted that in the latter there was delamination of the film in rela-
tion to the substrate, while the castor-based paint showed better corrosion resistance
[13].
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The degradation that occurred in the aliphatic polyurethane paint results from the
absence of the aromatic ring, which facilitates the penetration of the NaCl electro-
lyte, causing the hydrolysis of the coating, that is, the scission of the chains [13].
Dissolving the pigment with NaCl causes the coating to perforate, intensifying the
migration of corrosive species onto the A36 steel interface, which consequently gen-
erates degradation in the form of micropores [53]. This phenomenon, therefore, can
create channels that accelerate the arrival of aggressive ions on the metal substrate,
resulting in intense corrosion [53].

The superior corrosion resistance of castor oil-based paint compared to commer-
cial paint can be explained by the higher proportion of castor oil to isocyanate in the
paint preparation and the superior water resistance compared to IPUP, which hinders
water penetration into the substrate. This can generate remaining hydroxyl groups,
which end up increasing the crosslinking degree of the material’s chains, making
the paint film more compact and offering greater resistance to corrosion by certain
ions, such as Na* and CI, which have more difficulty penetrating the crosslinked
polymer network to the metallic substrate, thus improving the salt spray resistance
of the coating. This demonstrative mechanism can be observed in (Fig. 18) [56, 57].

Conclusion

In the present work, it was possible to note that castor oil successfully replaced
the petrochemical source polyol for the preparation of the paint, through the main
PU reference bands through the FTIR spectrum. Rheology tests revealed that the
industrial paint had superior performance, while the castor oil-based paint exhibited
rheological behavior comparable to the commercial paint, thus confirming the suc-
cess in preparing the vegetable-based paint. In the TG test, vegetable-based paint
was thermally superior to industrial paint. For the DSC test, COPUP demonstrated
greater dimensional stability than IPUP. In the UV degradation analysis, the com-
mercial paint proved to be superior to the castor oil-based paint, as it did not exhibit
a significant color change. However, in the adhesion test, the vegetable-based paint
showed very satisfactory performance, comparable to that of the industrial paint. In
the water resistance test, COPUP outperformed IPUP, as the coatings absorbed 2.7
and 5% of water, respectively. Finally, in the salt spray test, COPUP showed superior
corrosion resistance to IPUP, which makes vegetable-based paint an economically
viable and less harmful option for replacing industrial PU paint.
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