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Abstract: Clearcoats provide long-term aesthetics and protection for underlying coating systems,
increasing product lifetimes. However, organic clearcoats are predominantly produced using fossil-
fuel feedstocks. In search of a sustainable alternative, an experimental investigation was conducted on
the development of glass-like clearcoats produced using the sol-gel process. The processing of sol-gel
clearcoats over a pigmented polyurethane coating was studied by modifying the sol-gel solution
pH, ageing, curing, precursor chemistry and deposition techniques. Under optimal formulation
and processing conditions, defect-free sol-gel clearcoats were produced that have the potential to
be scaled up to a coil-coating line using existing technologies. Mechanical testing demonstrated
the coatings had excellent adhesion, hardness, and flexibility. Furthermore, accelerated laboratory
weathering tests revealed the sol-gel coatings had superior degradation resistance compared to the
organic coatings tested, resulting in negligible colour changes and higher gloss retention after 4000 h
of exposure. The durability and environmental benefits of sol-gel clearcoats highlight their potential
as a replacement for traditional organic clearcoats in a variety of applications.

Keywords: glass clearcoats; sol-gel process; organic-inorganic hybrids; weathering; degradation;
coil-coating; sustainability

1. Introduction

Organic clearcoat systems have long been used to enhance the durability and resistance
to environmental degradation of building materials exposed to the outdoors [1]. These
systems maintain the long-term aesthetics of the materials, such as gloss retention and
minimal colour change (∆E), while providing a barrier to the underlying coating systems [2].
However, organic coatings are derived from non-renewable fossil-fuel sources. Renewable
alternatives currently require further development before they can match the performance
and manufacturing costs of fossil-fuel-derived coatings [3]. In search of a more sustainable
alternative, the sol-gel process for producing glassy/ceramic coatings as a durable clearcoat
system is being explored.

The sol-gel process to produce glassy/ceramic coatings has been well documented in
the literature for metal substrates as durable barrier coatings and for functional applications
such as photocatalysis [4–7]. However, there is less research on the use of sol-gel coatings
on organic substrates, possibly due to issues reported, such as low thicknesses, defects and
a material mismatch that can result in poor adhesion [8,9]. As well as material compatibility
issues, there are also processing considerations. Most of the literature is based on thin
film deposition technologies such as dip and spin-coating, which limits the industrial
scalability of the sol-gel process [10,11]. Furthermore, the curing of sol-gel coatings is
typically carried out at very high temperatures, which would cause thermal degradation of
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polymeric substrates, or for long curing durations, which limits industrial scalability [12,13].
A solution to the defects that occur in sol-gel systems based upon tetraethoxysilane (TEOS)
is to use organic-inorganic hybrid (OIH) coatings that consist of an organic component that
results in improved flexibility [11,14].

Manufacturing coatings via a sol-gel process can have environmental benefits such as
reduced processing times and energy requirements, can use non-toxic chemistries, and are
often produced via scalable one-pot reactions [15–17]. Additionally, sol-gel coatings are
typically an order of magnitude thinner than organic coating systems, resulting in VOC,
CO2 and material reductions. These factors, combined with the competitive costs of the
abundant silica precursors, ensure that sol-gel coatings can compete with organic clearcoat
systems [16].

The sol-gel precursors TEOS and methyltriethoxysilane (MTES) have been widely stud-
ied to understand the effects of utilising an organic component in the sol-gel network [18].
These precursors have been shown to produce coatings with varied mechanical properties
and durability [4,19]. The sol-gel precursor isobutyltriethoxysilane (IBTES) incorporates a
longer alkyl chain into the sol-gel network. This precursor was studied to understand the
effects of using the longer alkyl chain OIH as a coating material.

This study evaluates the use of sol-gel coatings made from the precursors TEOS, MTES
and IBTES on a pigmented polyurethane coating. The structures of the sol-gel precursors
are depicted in Figure 1.
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Figure 1. Chemical structures of the sol-gel precursors: TEOS (left), MTES (middle) and IBTES (right).

This work investigates the industrial feasibility of using novel sol-gel coatings to
replace conventional organic clearcoats for coil-coated steels. Sol-gel coatings can be
produced more sustainably at a lower cost whilst offering optimal mechanical properties
and excellent durability to environmental degradation compared to organic clearcoats.
The sol-gel coatings were applied to a pigmented polyurethane substrate. Processing
parameters such as sol-gel solution ageing time, pH and coating thickness were varied,
and the resultant inorganic TEOS coatings were evaluated and compared. A systematic
study was implemented to determine the industrial suitability of TEOS and OIH-coated
polyurethane. The ability to produce defect-free sol-gel coatings over polyurethane without
activation of the polymer surface was studied, as this would be inhibitive to industrial
scale-up. The mechanical properties of the coatings were determined to evaluate their
suitability for coil coating. The weathering performance and degradation of the coatings
when exposed to accelerated laboratory weathering testing were analysed and compared
to that of a commercial polyurethane and polyurethane clearcoat, to understand how the
durability of the sol-gel coating compares.

2. Materials and Methods
2.1. Materials

Concentrated HCl acid (37% conc.), tetraethoxysilane (TEOS) and isobutyltriethoxysi-
lane (IBTES) were purchased from Sigma Aldrich, and ethanol was purchased from
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Fisher Scientific, Hampton, VA, USA. Methyltriethoxysilane (MTES) was purchased from
Fluorochem, Hadfield, UK. All chemicals used were of reagent grade. Hot-dipped gal-
vanised (HDG) steel was provided by Tata Steel, Port Talbot, UK. A commercial pigmented
polyurethane coating system and polyurethane clearcoat were used for testing and compar-
ing the performance of the sol-gel coatings.

2.2. Methods
2.2.1. Coating Production

The TEOS-based sols were prepared by first mixing TEOS and ethanol for 10 min before
adding HCl and water and then allowing the reaction to continue at ambient temperature
for 1 h with continuous magnetic stirring. The molar ratio of all sols was fixed at 1:5.33:4:x
(TEOS:ethanol:water: HCl). The concentration of the catalyst was varied to cover a range of
pH values from ~0 to 5 by varying the molar ratio of HCl relative to TEOS (0.07, 0.02, 0.007,
0.002 and 0.0007). In order to evaluate the effect of ageing time on coating delamination,
the coatings were deposited at ageing times of 0, 1, 2, 3, 7, 14, 21 and 28 days. The hybrid
precursors MTES and IBTES were prepared in the same way as the TEOS coatings but
utilised an HCl molar ratio of 0.002 and had an ageing time of 1 day.

2.2.2. Processing

HDG steel and pigmented polyurethane-coated steel were the substrates used for
coating deposition. The substrates were cleaned using ethanol before the TEOS coatings
were deposited using dip-coating (PTL-MM01, MTI Corporation, Richmond, VA, USA).
The withdrawal speed used for the deposition process was 100 mm/min and 200 mm/min.
After deposition, the TEOS coatings were cured in a convection oven at a peak metal
temperature (PMT) of 210 ◦C for 12 min.

Fourier transform infrared spectroscopy (FTIR) was used to characterise the changes
in sol-gel coating chemistry over time. However, when analysing the sol-gel coated
polyurethane surface, the FTIR response was primarily from the polyurethane substrate
due to the low coating thickness of the sol-gel. Therefore, the sol-gel coatings were applied
to HDG steel surfaces for characterisation via FTIR as the signal response was far greater
and changes in the sol-gel were easily visible.

Polyurethane-coated steel surfaces were subjected to plasma treatment using a Zepto
plasma lab system (Diener Electronics, Ebhausen, Germany). The samples were cleaned
using ethanol to remove surface contamination, dried and then placed into the plasma
chamber. The chamber was pumped to a vacuum of 0.1 bar, filled with an oxygen atmo-
sphere and then the plasma was activated for one minute before the samples were removed
and the sol-gel coating was applied.

Hybrid sol-gel coatings were deposited using bar and spray coating, then cured using
a convection oven, achieving a PMT of 232 ◦C over 45 s. The bar-coated samples were
deposited using a 6 µm K-bar. The spray-coated samples were deposited using a modified
ultrasonic spray rig (MSK-USP-ST1, MSK-SP-01A, MTI Corporation, Richmond, VA, USA).
The ultrasonic nozzles were operated at a frequency of 40 kHz at 130 W with a nozzle
height of 3 cm from the sample surface.

The effect of temperature and time on the cure and densification of the sol-gel coatings
was achieved through a systematic study. Samples were cured at a range of PMTs (room
temperature (RT), 100 ◦C, 150 ◦C, 200 ◦C and 232 ◦C) and times (45 s and 12 min) using sols
at pH 4 and allowing for 24 h of ageing. A PMT of 232 ◦C for 12 min was not utilised due
to the degradation of the polyurethane substrate. Table 1. highlights the curing parameters
used in this study.
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Table 1. Curing parameters studied.

Peak Metal Temperature (◦C) Curing Duration

RT -

100 45 s
12 min

150 45 s
12 min

200 45 s
12 min

232 45 s

2.2.3. Characterisation and Laboratory Weathering Techniques

The surface morphology of the coatings was visualised using digital microscopy
(Keyence VHX-7000, Osaka, Japan). Coating thickness was measured using scanning
electron microscopy (SEM)(Hitachi, TM3000, Tokyo, Japan). The wettability of the surface
was determined using a contact angle goniometer (Osilla) and measuring the water contact
angle (WCA) in contact with the coating surfaces. Three measurements across each sample
were taken. The surface roughness was measured using a handheld profilometer (Taylor
Hobson Surtronic S-128, Leicester, UK) with an accuracy of ±10 nm. Three measurements
across each sample were taken. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)(PerkinElmer spectrum 100, Waltham, MA, USA) with a Specac
ATR attachment was utilised to characterise the structures of the coatings. Spectra were
collected in transmittance mode with 8 scans at a 4 cm−1 resolution in the wavelength
range of 4000–500 cm−1. L*a*b* CIE Labs colour measurements were carried out using
a spectrophotometer (X-Rite Handheld Sphere Ci 60 Series, Grand Rapids, MI, USA). By
using the L*a*b* values, the colour change (∆E) was calculated using Equation (1). [20]

∆E =

√
(L1 − L0)

2 + (a1 − a0)
2 + (b1 − b0)

2 (1)

Gloss measurements were taken at a projecting angle of 60◦, and the glossmeter was
calibrated using a standard of known gloss units before the measurement of the samples.
Three measurements across each sample were taken. The gloss retention was calculated
using Equation (2) [21].

Gloss retention (%) =

(
Gloss

Initial Gloss

)
× 100 (2)

The qualitative mechanical properties of the coating systems were analysed according
to the coil-coating standards for pencil hardness [22], cross-hatch adhesion [23] and T-bend
mandrel testing [24].

A QUV accelerated weathering tester (Q-Lab QUV/se) was utilised to simulate out-
door weathering on the coated samples. The testing was performed to the standard EN
13523-10 [25]. Samples were cycled through periods of 4 h of dry UV exposure at a black
panel temperature of 60 ◦C, followed by a period of 4 h of water condensation exposure
without radiation at a black panel temperature of 40 ◦C. Two samples per coating were
subjected to testing.

3. Results and Discussion
3.1. FTIR-ATR Spectroscopy

The structure of the resultant coatings when utilising the precursors TEOS, MTES and
IBTES was evaluated using FTIR Spectroscopy. The FTIR spectra are shown in Figure 2.
The characteristic vibrations of the bonds within each coating are shown in Table 2.
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Figure 2. FTIR–ATR spectra of sol-gel coatings produced using the precursors: (a) TEOS, (b) MTES
and (c) IBTES.

Table 2. Assignment of the bands from the FTIR-ATR spectra.

Wavenumbers (cm−1) Vibrational Modes References

3200–3400 O–H stretching [26]
2970–2870, 1470–1330 C–H stretching [27]

1630 O–H bending [26]
1270–1230 Si–C stretching [27]
1170–1000 Si–O–Si stretching [26,28]

950 Si–OH bending [26]
790 Si–O–Si bending [29]

760–740 Si–C stretching [27]
550 Si–O− rocking [29]

The FTIR spectra of the coating systems varied due to the effect of the alkyl chain in the
sol-gel network, which resulted in different reaction rates and final structures. The TEOS
coating contains a broad peak at 3200–3400 cm−1 which corresponds to O–H species such
as Si–OH and H2O, which remain within the cured coating due to the slower reaction rates
of this coating system [26]. The MTES coating contained a small peak at 2970 cm−1 that
corresponded to C–H stretching due to the presence of Si–CH3 within the cured coating.
The IBTES coating contained several strong absorptions at 2960–2870 cm−1 that correspond
to C–H stretches due to the isobutyl group within the coating [27]. Peaks were observed in
the range 1470–1330 cm−1 in the MTES and IBTES coatings due to vibrations within the
alkyl chains, characteristic of C–H bonds from CH3, CH2 and CH groups [27]. A sharp
peak at 1270 cm−1 for MTES and 1230 cm−1 for IBTES corresponds to Si–C stretching [27].
The change in vibration for the Si–C absorption in the IBTES coating is potentially due to a
weaker force constant due to electron density withdrawal through the isobutyl group [30].
The wavenumber region of 1170–1000 cm−1 contained the vibrations associated with Si–O–
Si. The TEOS coating has a strong, broad absorption from about 1200–1100 cm−1. It has been
shown that the band towards 1100 cm−1 corresponds to the transverse optical component of
the asymmetric stretching of Si–O–Si, and at 1200 cm−1, the longitudinal optical component
of the same vibration [31]. The MTES coating contained a strong absorption at 1000 cm−1

that corresponded to the Si–O–Si asymmetric stretch [28]. The IBTES coating has a strong
absorption at 1057 cm−1 that corresponds to the Si–O–Si asymmetric stretch [27]. The TEOS
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coating has an absorption at 950 cm−1 due to Si–OH bending that remains in the coating
due to the lower reactivity [26]. The TEOS coating also contained a small absorption at
790 cm−1 that corresponded to Si–O–Si bending [29]. The MTES and IBTES coating systems
have strong absorptions at 760 and 740 cm−1, respectively, which can be attributed to Si–C
vibrations [27]. Weak absorptions at around 560 cm−1 corresponded to Si–O− rocking
vibrations [29].

3.2. Effect of Modifying pH, Ageing and Thickness on Coating Failure

The material incompatibility of inorganic sol-gel coatings with organic substrates has
been reported in the literature, resulting in defects such as cracking and delamination [8].
The microstructure of the TEOS coatings on polyurethane is depicted in Figure 3.
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of crack diameters of TEOS coating and (d) partial delamination defects in TEOS coating.

The polyurethane substrate contains several voids on the surface that are visible in
the TEOS micrograph due to the transparency of the coating. All of the TEOS coatings had
cracking throughout the structure, regardless of the processing parameters. The cracks that
formed ranged in diameter from 6–11 µm, as depicted in Figure 3c. This is due to the coat-
ings exceeding the critical cracking thickness, resulting in high stresses that build within
the coating and cause cracks to form [14]. Additionally, several coatings produced using
TEOS had partial delamination, as depicted in Figure 3d. Partial delamination results in
an exposed substrate and an undesirable sparkling effect as light diffracts differently from
the substrate compared to the TEOS coating. Partial delamination of sol-gel coatings has
been well reported in the literature and is often suggested to be due to high film thickness,
which results in excessive stress causing partial delamination and/or poor adhesion at the
interface between the substrate and the sol-gel coating [32–34]. The mechanism of adhesion
for sol-gel coating systems is through the condensation of Si–OH with –OH species on the
substrate surface [8]. This makes sol-gel coatings ideal for oxide-rich substrates such as met-
als, but polymer substrates are often limited in oxide species in comparison. Research into
surface activation of polymer substrates for sol-gel coating applications has been carried
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out, such as oxygen plasma activation and wet chemical etching treatments, to improve the
compatibility between these two materials [8,35,36]. However, these techniques limit the
industrial scalability of the sol-gel coating systems. Therefore, to understand the effects
of processing parameters on coating failure (partial delamination) on the polyurethane
substrate, the effects of pH, ageing and thickness were investigated. Table 3 depicts whether
delamination of the TEOS-based coating occurred as a function of pH, ageing and thickness
(withdrawal speed).

Table 3. Observed coating delamination as a function of pH, thickness and days of ageing.
(X = delamination and X= no delamination).

pH Withdrawal Speed
(mm/min) 0 1 2 3 7 14 21 28

0 100 X X X X X X X X
200 X X X X X X X X

2 100 X X X X X X X X
200 X X X X X X X X

3 100 X X X X X X X X
200 X X X X X X X X

4 100 X X X X X X X X
200 X X X X X X X X

5 100 X X X X X X X X
200 X X X X X X X X

Analysing coating failure as a function of the processing parameters in Table 3, we can
see that the sol pH plays a critical role in coating delamination. At highly acidic conditions
of pH 0/2, delamination was seen in all the coatings regardless of thickness or ageing
duration. Once the pH was raised to between 3–5, coatings could be produced with no
delamination defects, with pH 4 coatings not delaminating after a month of ageing. The role
of pH on the hydrolysis and condensation reaction rates has been well documented [37,38].
At highly acidic conditions, the hydrolysis and condensation reaction rates are fast and as
the pH is increased towards neutral, the hydrolysis and condensation reaction rates slow
down [37,38].

All of the coatings had cracking regardless of processing parameters, indicating the
coatings were thicker than the critical cracking thickness [14]. However, as the coating
stress increases further, partial delamination of the glass coating can occur. This is likely to
be the case when coating organic substrates due to a material mismatch at the interface,
which results in worse adhesion and higher stress within the coating [8]. In order to reduce
the stress, it is beneficial to have hydroxyl groups within the coating and on the substrate
available for interfacial bonding [8]. Therefore, it is possible that in very acidic conditions,
where the condensation reaction rates are much higher, a lower amount of hydroxyl groups
are present at the interface, resulting in higher stresses and causing delamination to occur.
In order to investigate this theory, the Si–O–Si/Si–OH band intensity ratio on the FTIR was
measured as a function of solution pH, which provides a measure for the development of
the coating [39]. A higher ratio would indicate strong Si–O–Si development and/or low
Si–OH remaining within the coating network. The results are depicted in Figure 4.

The Si–O–Si/Si–OH ratio for a highly acidic pH of 0/2 is much higher than pH 3–5.
This suggests strong development of the polysiloxane network due to the strong Si–O–Si
signal but also a reduced number of Si–OH in the final coating. This combination likely
results in higher strains within the coating compared to the pH 3–5 coating systems, which
causes partial delamination to occur.

To further test this theory, the polyurethane substrate underwent oxygen plasma
activation, which resulted in a reduction of the WCA from 73◦ to 24◦, as hydrophilic
hydroxyl groups formed on the surface of the polymeric substrate. The TEOS coating was
then deposited at a pH of 0, which resulted in no partial delamination. This suggests the
presence of hydroxyl species at the interface between the substrate and the coating plays a
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critical role in the final stress of the coating system and the potential for defects such as
delamination. The processing parameters pH 4 and one day of ageing were chosen for the
rest of this study due to the long-term stability against delamination and suitability for
scale-up operations.
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3.3. Coating Deposition, Surface Analysis and Mechanical Properties

It is of industrial interest to utilise deposition technologies that can be scaled up to
high line speeds in the order of 10–100 m/s. Therefore, spray and bar coating of the sol-gel
coatings were investigated. The resultant microstructures of the bar and spray coatings for
the precursors TEOS, MTES and IBTES are depicted in Figure 5.
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Visual observations, shown in Figure 5, of coating TEOS onto the polyurethane surface
via spray or bar coating methods showed that the TEOS coating was unable to wet the
surface and form a homogeneous layer. This could be due to the limited thickness of the
TEOS-based coatings before excess stress results in delamination and limits applicability for
high-speed applications such as the coil-coating line. The IBTES and MTES coatings formed
a homogenous defect-free layer using spray and bar coating techniques. This is due to the
much more flexible nature of the coatings through the incorporation of organic alkyl chains
within the coating, which allows thicker coatings to be produced [18]. The hybrid coatings
did not have cracks due to lower coating stresses, unlike the TEOS-based coatings [14].
However, the spray-coated IBTES had poor wetting on the substrate, resulting in craters
forming, as depicted in Figure 5. The coatings utilised in this study, and the resultant
topographical properties are depicted in Table 4.

Table 4. Topographical measurements of coatings.

Sample Ra Roughness (µm) Contact Angle (◦) Film Thickness (µm)

Polyurethane 0.41 ± 0.02 73.4 ± 0.84 15 ± 1
Polyurethane

Clearcoat 0.46 ± 0.01 74.6 ± 0.33 20 ± 1

TEOS Dip 0.52 ± 0.03 79.3 ± 0.56 0.87 ± 0.10
MTES Bar 0.32 ± 0.01 93.1 ± 0.43 2.35 ± 0.07

MTES Spray 0.38 ± 0.02 91.2 ± 1.29 2.62 ± 0.16
IBTES Bar 0.54 ± 0.04 95.9 ± 1.76 2.96 ± 0.35

IBTES Spray 0.81 ± 0.07 92.7 ± 2.02 3.45 ± 0.42

The MTES coating results in a smoother surface compared to the polyurethane, TEOS
and IBTES coatings. The IBTES coating is considerably rougher than the other coatings.
This may be due to the bulky isobutyl groups, which limit network formation and cause
higher surface roughness. The WCA of MTES and IBTES is higher than that of TEOS and
polyurethane coating systems because of the alkyl chains that align at the surface and repel
water [40]. The film thickness of the sol-gel coating systems is an order of magnitude lower
than the organic coatings typically used. The hybrid coatings are much thicker than the
TEOS coating due to the coating deposition techniques used and the increased flexibility
that allows the thicker coatings to be produced.

The mechanical properties typically assessed for organically coated steel substrates
were evaluated for the novel coating systems and are depicted in Table 5.

Table 5. Qualitative mechanical properties of the coating systems.

Sample Pencil Hardness T-Bend Adhesion

Polyurethane H 0T 5B
TEOS Dip 3H 0T 5B
MTES Bar 2H 0T 5B

MTES Spray 2H 0T 5B
IBTES Bar H 0T 5B

IBTES Spray H 0T 5B

The pencil hardness test is a fast method to evaluate the hardness of coatings using
pencils of hardness from 6B to 6H, whereby 6B is the softest, and 6H is the hardest. The
test consists of making scratches on the coating with a pencil at a 45◦ angle against the
substrate. The pencil hardness is the softest pencil that forms a scratch. The TEOS and
MTES coatings displayed an increased pencil hardness when compared to the uncoated
polyurethane. However, the IBTES coatings had no change in pencil hardness compared
to the uncoated polyurethane. The TEOS-based coatings have the highest hardness as
they are completely inorganic, whereas, for the MTES and IBTES coatings, there is an
organic component that reduces the hardness of the coating, which has been suggested



Coatings 2023, 13, 982 10 of 18

to be due to reduced crosslinking compared to the TEOS system [41]. This effect is more
substantial for the IBTES coatings that contain a higher proportion of organic chains. An
important characteristic of coil coatings is coating formability. The coatings are deposited
and cured before forming the steel. Therefore, the coatings must have resistance to failure
by cracking and delamination during forming to maintain the protection of the steel [42].
The T-bend test is used to assess coating formability and adhesion. The highest rating, ‘0T’,
corresponds to a 180◦ bend of the steel, resulting in the highest potential surface strain [42].
All the coatings had a T-bend rating of ‘0T’, indicating excellent formability and adhesion.
Finally, the adhesion of the coatings was assessed using the cross-hatch adhesion test. All
the coating systems had the top result of ‘5B’, indicating that during the test, none of the
coatings delaminated at all. This demonstrates that the coatings had excellent adhesion to
the polyurethane substrate, which is important for long-term durability.

3.4. Effect of Curing

The curing temperature and duration have a significant effect on the properties of
sol-gel coatings [43]. Curing conditions will affect the rate and extent of crosslinking that
occurs in sol-gel coatings. Higher temperatures and longer curing durations are associated
with a greater overall cure of the sol-gel coating. Organically coated steels are typically
cured at a PMT of 232 ◦C for 45 s and are, therefore, limited in the temperature they can be
subjected to before thermal degradation initiates. In addition, it is beneficial to minimise
curing duration and temperature to improve industrial scalability and reduce costs and the
carbon footprint of the coatings. The processing conditions required to produce a stable
and homogeneous sol-gel coating applied to a polyurethane substrate must be understood
to determine the feasibility of industrial applications.

3.4.1. FTIR Analysis

The effect of curing times and temperatures on the sol-gel coatings was investigated
using FTIR, surface roughness and contact angle measurements. The effect of increased
curing temperature on the structure of the sol-gel coatings results in a decrease in the Si-OH
in the coatings as the condensation reactions accelerate, resulting in increased densification
and Si–O–Si formation [39]. This is depicted in Figure 6b for the MTES coatings cured for
12 min.

Coatings 2023, 13, x FOR PEER REVIEW 11 of 19 
 

 

 

Figure 6. FTIR spectra of MTES coating: (a) RT cure and (b) 210 °C PMT for 12 min. 

As the curing temperatures increase, the Si−OH stretch at about 3200−3400 cm−1 be-
comes significantly weaker. A quantitative analysis of the FTIR bands was carried out us-
ing the ratio between the band intensity for the Si−OH peak at 3200−3400 cm−1 and the 
Si−O−Si peak at 1100 cm−1. The evolution of the Si−O−Si/Si−OH band intensity ratio as a 
function of curing temperature and time for the TEOS coatings at withdrawal speeds of 
100 and 200 mm/min is depicted in Figure 7. 

It can be seen in Figure 7a that regardless of curing duration and temperature, the 
withdrawal speed had a small effect on the curing of the coating systems. However, the 
curing duration had a large effect on the Si−O−Si/Si−OH ratio. This is expected as the coat-
ings have more time to undergo condensation reactions, resulting in a denser network. 
The role of temperature may be more critical than curing duration; curing the coatings at 
a PMT of 232 °C for 45 s resulted in an equivalent Si−O−Si/Si−OH ratio as a 12 min cure at 
a PMT of 175 °C. Therefore, the curing conditions of 232 °C for 45 s were optimal for en-
suring network development of the glass coatings without affecting the polymeric sub-
strate while improving the industrial scalability to the coil-coating lines. 

The Si−O−Si/Si–OH ratios for the MTES and IBTES coatings were significantly larger 
than the TEOS-based coatings. This indicates a denser coating network has formed, which 
was expected due to the increased reactivity of hybrid precursors in acidic conditions due 
to the inductive effect of the organic chains [18]. The IBTES coatings had a decrease in 
Si−O−Si/Si−OH ratios at high curing temperatures and curing durations. This is likely due 
to the degradation of the isobutyl groups, which causes a decrease in the Si−O−Si/Si−OH 
ratio [44]. The results in Figure 7 show that there is a clear benefit to using the OIH coat-
ings MTES and IBTES, as they can be cured at lower temperatures and for shorter dura-
tions compared to the inorganic TEOS coatings. 

3.4.2. Surface Properties 
The effect of curing temperature and duration on the surface properties of roughness 

and water contact angle (WCA) of the coating systems was evaluated and is depicted in 
Figure 8. 

 

5001000150020002500300035004000

In
te

ns
ity

 (a
.u

)

Wavenumber (cm-1)

(a) 

(b) 

Figure 6. FTIR spectra of MTES coating: (a) RT cure and (b) 210 ◦C PMT for 12 min.
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As the curing temperatures increase, the Si–OH stretch at about 3200–3400 cm−1

becomes significantly weaker. A quantitative analysis of the FTIR bands was carried out
using the ratio between the band intensity for the Si–OH peak at 3200–3400 cm−1 and the
Si–O–Si peak at 1100 cm−1. The evolution of the Si–O–Si/Si–OH band intensity ratio as a
function of curing temperature and time for the TEOS coatings at withdrawal speeds of
100 and 200 mm/min is depicted in Figure 7.

It can be seen in Figure 7a that regardless of curing duration and temperature, the
withdrawal speed had a small effect on the curing of the coating systems. However, the
curing duration had a large effect on the Si–O–Si/Si–OH ratio. This is expected as the
coatings have more time to undergo condensation reactions, resulting in a denser network.
The role of temperature may be more critical than curing duration; curing the coatings
at a PMT of 232 ◦C for 45 s resulted in an equivalent Si–O–Si/Si–OH ratio as a 12 min
cure at a PMT of 175 ◦C. Therefore, the curing conditions of 232 ◦C for 45 s were optimal
for ensuring network development of the glass coatings without affecting the polymeric
substrate while improving the industrial scalability to the coil-coating lines.

The Si–O–Si/Si–OH ratios for the MTES and IBTES coatings were significantly larger
than the TEOS-based coatings. This indicates a denser coating network has formed, which
was expected due to the increased reactivity of hybrid precursors in acidic conditions due
to the inductive effect of the organic chains [18]. The IBTES coatings had a decrease in
Si–O–Si/Si–OH ratios at high curing temperatures and curing durations. This is likely due
to the degradation of the isobutyl groups, which causes a decrease in the Si–O–Si/Si–OH
ratio [44]. The results in Figure 7 show that there is a clear benefit to using the OIH coatings
MTES and IBTES, as they can be cured at lower temperatures and for shorter durations
compared to the inorganic TEOS coatings.

3.4.2. Surface Properties

The effect of curing temperature and duration on the surface properties of roughness
and water contact angle (WCA) of the coating systems was evaluated and is depicted in
Figure 8.

As depicted in Figure 8a the withdrawal speed of the TEOS coatings affects the surface
roughness at all temperatures and curing durations. This could be because the higher
withdrawal speeds result in thicker coatings that shrink more during curing, which results
in a rougher surface [45]. For all coating systems, as the curing temperature increases, the
surface becomes rougher as the coating systems become denser. The IBTES coatings were
noticeably rougher than the MTES coatings, which may be due to worse network formation
due to the bulky isobutyl groups.

The WCA for all the coating systems increases as a function of curing temperature
and duration. This is because as the curing reaction occurs, hydrophilic Si–OH groups are
converted to less hydrophilic Si–O–Si groups, which causes an increase in the WCA [40].
The hybrid coatings MTES and IBTES reach their peak WCA faster than the TEOS coatings
as the alkyl chains align at the surface. In addition, hybrid coatings have a higher WCA
due to their hydrophobic alkyl chains [40].
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Figure 7. Si–O–Si/Si–OH ratio as a function of temperature and duration for (a) TEOS at different dip-coating withdrawal speeds and (b) MTES and IBTES.
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3.5. Accelerated Laboratory Weathering

The polyurethane and sol-gel coatings were subjected to accelerated weathering
cycles of condensation and UV radiation, designed to emulate exposure to humidity,
precipitation, and to sunlight. This allowed for an accelerated evaluation of the degradation
and durability of the sol-gel coating systems to determine their suitability as outdoor
clearcoat materials [46]. The IBTES-coated polyurethane samples produced via the spraying
technique were observed to rapidly fail when subjected to accelerated weathering and were,
therefore, discounted from further analysis. The FTIR spectra before and after accelerated
weathering for each coating system are shown in Figure 9.
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Figure 9. FTIR spectra before (–) and after ( . . . 4000 h of accelerated weathering for the coatings
(a) TEOS, (b) MTES Spray, (c) MTES Bar and (d) IBTES Bar.

Silica is known to degrade when in contact with water through hydrolysis of the
polysiloxane network [47]. The hydrolytic degradation of solid silica is depicted below.

SiO2(s) + 2H2O↔ Si(OH)4 (aq) (3)

Diaz et al. studied the degradation of combined TEOS:MTES coatings when exposed
to water and found that the greater the TEOS content, the faster the coatings degraded [19].
They proposed that the rate of degradation correlated with hydrophilicity; the more hy-
drophobic MTES coatings functioned as a better barrier to water entering the coating
network, while the TEOS coatings had greater water flow through the coating network [19].

Comparing the FTIR spectra before and after accelerated weathering, the appearance
of two new weak peaks at 1500 and 1370 cm−1 after weathering corresponds to HDG
corrosion products such as ZnCO3 [48,49]. At high humidity and under UV light, the
coatings MTES and TEOS were demonstrated to be durable and resistant to this type of
environment. The TEOS coating has undergone some degradation, with a reduction in
the intensity of the shoulder of the Si–O–Si peak at 1200 cm−1, while the MTES coating
systems remained largely unchanged. This could be attributed to the hydrophobicity of
the MTES coating system. However, the IBTES coating system, which is also hydrophobic,
degraded the fastest out of the coating systems tested and is not suitable for this type of
environment. The FTIR spectrum of IBTES after weathering demonstrated the coating
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is largely not present anymore due to rapid degradation. It is, therefore, possible that
although the IBTES coating is hydrophobic as well, the isobutyl alkyl chain renders the
coating susceptible to photodegradation, and/or water is passing through the coating
system due to pores within the IBTES coating. Coatings with a higher porosity and surface
area result in increased contact with water, potentially accelerating hydrolytic degradation
of the coating [19]. It is likely that the IBTES coating structure is more porous than the
TEOS and MTES coatings due to the bulky isobutyl group throughout the coating, which
could favour water flow throughout the material. Rapid loss of WCA of isobutyl coatings
was reported when exposed to accelerated weathering, which was attributed to oxidative
degradation, confirming our results of poor durability of the IBTES coating system [44].

The aesthetic properties of gloss retention and colour change were measured as a
function of weathering. The lifetime of the coatings for coil-coated steel can be extended
by using materials that are resistant to environmental degradation, resulting in a coating
system that maintains properties such as gloss retention and minimal colour change due to
degradation, which is utilised for product guarantees. The gloss retention (%) and colour
change (∆E) for the coating systems after 4000 h of accelerated weathering are depicted in
Figure 10.
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Figure 10. Aesthetic properties of coating systems after 4000 h of accelerated weathering: (a) gloss
retention (%) and (b) colour change (∆E).

The gloss retention results demonstrated the superior durability of the TEOS and
MTES coating systems in retaining gloss when exposed to weathering compared to the
organic polyurethane coating systems. The MTES coating systems had no gloss loss over
4000 h, retaining the same appearance as when the test was started. This is due to a lack of
degradation occurring at the surface level, which results in a rougher surface and, thus, a
reduction in gloss, which is seen in the polyurethane coatings. The IBTES coating system
had a significant gloss loss of 29%, which indicated the IBTES coating is more susceptible
to degradation by UV light and water.

The coating systems TEOS and MTES demonstrated minimal colour change. However,
the IBTES coating system had a much higher colour change of 1.73. The degradation of the
isobutyl chain within the IBTES coating network could cause a significant colour change to
be observed [44]. For durability and aesthetics as a clearcoat material, the MTES coating
systems offered excellent durability that outperformed the polyurethane substrate and
polyurethane clearcoat.

The utilisation of these coating systems could allow for longer-lasting aesthetics
for building systems and other potential applications, increasing the lifetime of coated
products. The coating performance could be further improved through the inclusion of
light stabilisers. The inclusion of the bulky isobutyl chain in the IBTES coating resulted
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in a coating system that was much more susceptible to degradation and had fast gloss
loss and colour change. Therefore, the IBTES coating would be less suitable as an outdoor
clearcoat material.

4. Conclusions

The utilisation of glass-like clearcoats over polyurethane substrates for coil-coating
applications was explored to determine their feasibility and typical properties. The sol-gel
precursors TEOS, MTES and IBTES were used to alter the chemistry of the glass coating
systems. TEOS-coated polyurethane substrates were observed to have cracking and delami-
nation defects, which have been attributed to high stresses within the coating. A systematic
study whereby variables such as solution pH, ageing time and coating thickness were
varied to determine if a suitable, defect-free TEOS coating could be produced. Modification
of the pH to between 3–5 allowed for TEOS coatings without delamination to be produced
over a polyurethane substrate. However, due to the high stresses and limited thickness of
the TEOS coatings, they could not be deposited using high-speed deposition techniques
such as spray and bar coating. Therefore, they would not be suitable for high-speed
industrial application when applied to a polyurethane substrate.

The modification of the sol-gel precursor by introducing organic components resulted
in improved flexibility that allowed deposition by spray and bar coating techniques. Fur-
thermore, the MTES and IBTES coatings demonstrated improved network development
due to faster curing reactions. This proved beneficial for lower curing times and shorter
duration utilised on the coil-coating line. Therefore, they may be suitable for use at scale in
an industrial application.

The sol-gel coatings demonstrated excellent mechanical properties, which resulted in
a harder surface, excellent adhesion and flexibility which is critical for coil-coated steel to
undergo forming. Accelerated weathering QUV testing over 4000 h demonstrated superior
long-term aesthetics for the MTES coatings compared to the polyurethanes tested, which
could result in buildings that maintain their new appearance for much longer. FTIR analysis
after accelerated weathering showed the high durability of the MTES and TEOS coating
systems when exposed to weathering due to the inorganic makeup of the coating systems.

The use of sol-gel coatings for coil-coating applications could result in significant
material, CO2 and volatile organic compound reductions [15]. Additionally, the glass
coatings are not produced using fossil-fuel feedstocks but are produced using abundant
silica feedstock. The glass coating systems could find widespread use as a durable, high
processability, low-cost and environmentally friendly alternative to fossil fuel-based coating
systems for a variety of applications on organic substrates and surfaces that are high in
oxide content, such as metals and ceramics.

Future work aims to evaluate the barrier properties of the glass coating systems
and the utilisation of additives within the coatings to further improve performance and
introduce functionalities.
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