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Abstract: This study aimed to determine the effects of coating thickness and curing temperature on
the properties of a polybutyl methacrylate-siloxane coating deposited on structural steel S355. First,
the thermal properties of the sol as a function of temperature were investigated using thermogravi-
metric analysis coupled with mass spectrometry and differential scanning calorimetry. After coating
deposition on structural steel S355 using a dip-coating process, the coating composition and porosity
were evaluated using Fourier transform infrared spectroscopy and photothermal beam deflection
spectroscopy. In the second part, coating thickness, topography, and corrosion properties were stud-
ied as functions of withdrawal rate during deposition. The corrosion properties of variously prepared
coatings were evaluated using electrochemical impedance measurements in 3.5 wt.% NaCl and salt
spray testing according to the ASTM B117 standard. An elevated curing temperature (at 150 °C) of
the polybutyl methacrylate siloxane sol-gel coating impairs greater crosslinking and lower porosity,
while the optimal thickness of 4 um is achieved with the appropriate withdrawal rate to obtain a
homogeneous, defect-free surface. Under these optimal conditions, the protection of structural steel
against corrosion in a chloride environment lasting for more than 6 months can be achieved.

Keywords: structural steel; siloxane polybutyl methacrylate sol-gel; curing temperature; thickness;
porosity; corrosion protection

1. Introduction

Corrosion is a major issue, causing severe damage to integral structural metals and
their alloys used in vehicles, machines, transportation, and other appliances [1,2]. To
prevent or mitigate corrosion events, metal surfaces have to be additionally protected. One
of the possible options is the deposition of organic protective coatings, which act as a barrier
between the environment and the underlying metal [3-5].

Organic coatings based on hybrid sol-gel synthesis are becoming alternatives to com-
mercially available organic coatings in various fields [6-8]. Their benefits can be attributed
to a relatively simple synthesis under mild conditions and the use of environmentally
acceptable reagents (precursors) [9] with a wide variety of functional groups [5,8]. Those
functional groups allow the synthesis of a high diversity of coatings for various applications,
such as corrosion protection [10-13], anti-fouling [14], self-cleaning [15,16], anti-icing [16],
and self-healing [17]. Furthermore, obtained coatings have high homogeneity and trans-
parency, excellent adhesion, corrosion performance, and durability, which are essential
properties for commercial use [18,19].

Hybrid sol-gel coatings combine the organic and inorganic components with a strong
covalent bond X—C (X = 5i, Zr), which serves as a link between the polymer and alkoxide
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part [20-25]. One of the most commonly used organic precursors in the field of hybrid
sol-gel coating is 3-(trimethoxysilyl) propyl methacrylate, usually abbreviated as MAPTMS,
which plays the role of a cross-linker between inorganic (alkoxide) and organic (polymer
network) parts. MAPTMS is a modified silicon alkoxide ((MeO)3;Si—C) with a methacrylate
functional group. The acrylate group is essential for networking by the copolymerisation
process with other double bonds and allows the synthesis of large, homogeneous, and
controlled gels. In previous studies, the polymerisations using methyl methacrylate (MMA)
as a monomer and tetraethyl orthosilicate (TEOS) as inorganic precursors produced poly-
methyl methacrylate (PMMA) coatings with excellent protection properties in corrosion
applications [10-13,26-30]. The contents of MAPTMS, MMA, and TEOS have been op-
timised by changing the molar ratio within the precursors [10,29]. Literature data also
report on the possibilities of using additives to improve adhesion [11,26,27,31], rigidity, and
mechanical resistance [26]. The synthesis mechanism of the final coating was studied [28].
In previous studies, siloxane-acrylate coatings containing acrylate monomers with different
chain lengths were tested to attain their corrosion properties [32,33]. It turned out that ethyl-
and butyl-methacrylates assured better corrosion protection of the structural steel than a
shorter methyl monomer [33]. In contrast, the coatings with longer alkyl chains (hexyl,
octyl, and dodecyl) showed poor corrosion resistance due to lower heterocondensation
and a more significant nonpolar effect that resulted in non-homogeneous mixing, which
could not produce a dense and protective coating structure [30,32-34]. Butyl methacrylate
monomer offered excellent corrosion performance and anti-fouling properties [32,33].

The curing temperature has an important impact on the final characteristics of the
coating. Usually, for the most commercially available coatings, such as epoxy resins, the
curing is completed at ambient temperature in the presence of a curing agent [35]. The
coatings based on acrylate demand higher curing temperatures to initiate polymerisation-
between monomers. In contrast, an epoxide group requires less energy for ring opening
and forming radicals [36]. Therefore, in most studies for PMMA-siloxane, higher curing
temperatures were used to complete the polymerisation of double bonds, i.e., between
150 °C [37], 160 °C [10,12,13,26,38—40], and 180 °C [30,32,33]. This study investigated the
influence of the curing temperature on the coating properties, such as corrosion resistance
and porosity, from room temperature to 180 °C. Additionally, the currently unknown ther-
mal properties of innovative polybutyl methacrylate siloxane (PBMA-siloxane) coatings as
a function of curing temperature were analysed. Only a few similar studies [10,13,39,41-43]
were reported on polymethyl methacrylate siloxane coatings and described the thermal
stability and the optimal drying temperature. In a previous study using methyl metacrylate
monomer, the curing was completed at 235 °C [39].

The coating thickness is an essential parameter for assuring barrier protection against
corrosion. There are several ways to affect the coating thickness in hybrid sol-gel synthesis.
Less solvent would make the final sol more viscous; thus, the amount of detained sol would
be larger, resulting in a thicker coating. Another way is to apply the coating by multiple
immersions, producing a coating with several layers [10,12,27,28]. The third option is
to control the withdrawal rate of the sample from the sol during dip-coating deposition.
In most of the reported articles on acrylate-based hybrid sol-gels, a constant withdrawal
rate of 14 cm/min was used to coat substrates [10,12,13,26,28,30-33,37]; only in one study
was 30 cm/min used [43]. No correlation between withdrawal rate and thickness was
established in the literature for polybutyl methacrylate-siloxane, and this study intended to
experimentally postulate this relationship.

This work investigates the parameters affecting the preparation of polybutyl methacry-
late siloxane sol-gel coating on structural steel and aims to seek the optimal combination to
produce the coating with the best performance against corrosion. The following methods
were used to characterise the sol and coatings prepared using different withdrawal rates
(i.e., thicknesses) and curing temperatures: thermal analysis, Fourier-transform infrared
spectroscopy (FTIR), and photothermal beam deflection spectrometry (PTBDS). Electro-
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chemical impedance spectroscopy (EIS) and salt spray testing were used to investigate the
corrosion performance properties of the coatings.

2. Materials and Methods
2.1. Coating Preparation
2.1.1. Chemicals and Materials

The substrate was structural steel of grade S355 J2 + N (KovinTrade, Celje, Slovenia),
where ]2 denotes impact testing of the steel at —20 °C and N stands for normalised rolled
steel. The samples were cut into a rectangular shape of 2.5 cm x 4 cm. The S355 is a high
manganese, low-carbon alloy. The chemical composition of the substrate provided by the
supplier technical sheet, given in weight percentages (wt.) is C = 0.17, Mn = 1.47, 5i = 0.015,
S =0.025, P =0.011 and Fe rest.

Samples were ground using SiC emery papers (Struers, Ballerup, Denmark) of 80, 120,
240, 500, 1200, and 2400-grit to obtain a mirror-like surface appearance. Then the samples
were rinsed with distilled water and dried with a stream of nitrogen before the deposition
of sol.

The following chemicals were used for the synthesis of the sols:

3-(trimethoxysilyl)propyl methacrylate) (MAPTMS, 98.0%, Sigma-Aldrich, St. Louis,
MO, USA), tetraethyl orthosilicate (TEOS, 99.0%, Sigma-Aldrich, St. Louis, Missouri
USA), benzoyl peroxide (BPO, 97.0%, Merck, Darmstadt, Germany), butyl methacrylate
(BMA, 99.0%, Alfa Aesar, Kandel, Germany), ethanol (EtOH, absolute, Merck, Darmstadt,
Germany), tetrahydrofuran (THFE, 99.9%, Sigma Aldrich, St. Louis, MO, USA) and nitric
acid (HNOs3, 70%, Sigma-Aldrich, St. Louis, MO, USA).

The corrosive medium for electrochemical measurements was 3.5 wt.% NaCl (pH = 5.7),
prepared from analytically pure NaCl (98%, Merck, Darmstadt, Germany), and Milli-Q
Direct water with a resistivity of 18.2 M()-cm at 25 °C (Millipore, Billerica, MA, USA).

2.1.2. Synthesis of Sols

The synthesis of sols proceeded by mixing two separately prepared solutions, as
described [32,33]. The first sol (sol 1) was prepared from chemicals in the following
molar ratio MAPTMS:BMA:H,;O:BPO:EtOH = 1:8:10.5:0.08:5 in THF as solvent. For the
polymerisation of sol 1, the reaction mixture was heated under reflux (70 °C) for 4 h. The
sol 2 was prepared from TEOS, EtOH and acidified water (pH = 1) containing nitric acid.
The second sol was then mixed with the first sol (sol 1 + sol 2) and stirred for 1 h to give the
final polybutyl methacrylate siloxane-(PBMA-siloxane) sol used for deposition. The molar
ratio of the components in the final sol was MAPTMS:TEOS = 1:2. The synthesis procedure
was always the same; the only parameters that changed were the curing temperature and
withdrawal rate, as described below in the text.

2.1.3. Coating Deposition and Curing

After synthesis, sols were deposited by a dip-coater (Bungard, RDC15) onto the steel
substrate, prepared as described in Section 2.1.1. If not stated otherwise, after deposition,
the samples were cured in an oven with a heating rate of 2.5 °C/min up to 180 °C and
cured for an additional hour at that final temperature. The effect on curing temperature was
studied at different final temperatures, i.e., 25 (room temperature), 90, 120, 150, and 180 °C.

The effect of different withdrawal rates on coating thickness and morphology was
studied in the range between 1.2 mm/s (7 cm min~!) and 48.3 mm/s (290 cm min~1). If not
stated otherwise, the coatings were prepared at a withdrawal rate of 2.3 mm/s, obtaining a
thickness of ~3.3 um.

2.2. Characterisation of Sols and Coatings
2.2.1. Thermal Analysis

Coupled thermogravimetric differential scanning calorimetry (TG/DSC) and mass
spectrometry measurements (TG/MS) were performed for PBMA-siloxane on a Mettler
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Toledo TGA /DSC1 instrument connected to a Pfeiffer Vacuum ThermoStar mass spectrom-
eter. About ~4.5 mg of the sol was placed into a 150 pL platinum crucible and heated at
10 °C min~! from 25 to 700 °C. During the measurement, the furnace was purged with air
at a flow rate of 50 mL min~!. In parallel, the empty crucible served as a reference, and the
blank curve was subtracted. Evolved gases were introduced into the mass spectrometer
via the 75-cm long heated capillary. The obtained signals in mass spectra were further
evaluated following the most intensive and characteristic mass of each component given in
mass base data [44].

The high-pressure differential scanning calorimetry (HP DSC) analysis was performed
under a static air atmosphere. Measurements were conducted on a Mettler Toledo DSC
827 instrument in 40 pL standard aluminium pans in a static air atmosphere. The tempera-
ture ranged from 30 to 250 °C; the heating rate was 10 °C min~!, and the initial pressure for
HP DSC was 50 bars. An empty pan served as a reference. The weight of the dry sample
was 2.35 mg.

2.2.2. Chemical Composition

Fourier-transform infrared (FTIR) spectra of the sol (as a reference) and coatings cured
at selected temperatures (25, 90, 120, 150, and 180 °C) were recorded using a PerkinElmer
Spectrum 100 instrument with the attenuated total reflection (ATR) sampling accessory.
Coated substrates were applied on aluminium alloy 7075, which is less rigid than steel and
thus a more appropriate material as a substrate for the sensor top plate of the instrument
with an adjusted gauge force. The spectra were recorded from 4000 to 600 cm ™! with a
resolution of 4 cm !, averaging four scans. Spectra are presented as transmittance (in %).
The results are presented from 1800 to 600 cm~ 1, within which the band of most interest for
PBMA-siloxane-appear.

2.2.3. 3-D Topography and Coating Thickness

3-D topography was determined at the surface (0.5 mm x 0.5 mm) of coated substrates
using a Bruker DektakXT profilometer. The recording resolution was 0.167 um/per point.
The arithmetical mean height (S,) was determined using the TalyMap Gold 6.2 software.

This parameter expands the profile (line roughness) parameter into three dimen-
sions. It is generally used to evaluate the surface roughness of 3D profiles according to

Equation (1) [45].
S, = 1/1" /l’”\zmxd )
“ lx ly 0 Jo Y

The value presented is the average of three repeatable measurements. The same
instrument was used to determine coating thickness. A scratch through the coating was
made using a diamond blade tip through the middle of the coated sample. Along with the
delaminated coating, a 3D map was made to scan the area and determine the step. Since
the substrate is smooth, we can claim that the area below the layer is the substrate, which
accurately represents the coating thickness as the step height [30,32,33]. The procedure was
repeated at least five times at different selected areas.

2.2.4. Coating Porosity

The coating porosities were determined using a home-built photothermal beam de-
flection (PTBD) spectrometer [46,47]. The measurement is based on inducing a solid-state
excitation laser beam (532 nm, 30 mW, BWI-532-10-E/66966) modulated by an electro-optic
amplitude modulator (New Focus, Model 4102-M), temperature oscillations (TOs) in the air
over the examined coating. The TOs are further probed by a gas laser beam (He-Ne laser,
632.8 nm, 3 mW, Uniphase, Model 1103P) that causes its intensity changes (ICs), which
are determined by a quadrant photodiode (RBM-R. Braumann GmbH, Model C30846E)
connected to a lock-in amplifier (Stanford Research Instruments, Model SR830 DSP) [46,47].
The ICs of the probe beam carry information about the opened and total porosities, which
are determined by using the least-squares multi-parameter fitting procedure of the theoret-
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ical dependences describing the PBDS signal to the experimental data [46—48]. The total
porosity is the sum of the opened (OP) and closed (CP) porosities in the coating structure.
The opened porosity is defined as the volume of free channels not containing the coating’s
material but filled with air, whereas the total porosity is the sum of free channel volume
and free voids that are closed spaces within the coating materials filled with air. In other
words, in the case of CP, the pores are not interconnected but isolated (part of the coating
skeleton), whereas the pores in OP extend through the coating material from its top surface
to its bottom, enabling the air to flow through the coating material.

The material’s opened and closed porosity are found by using a method of least-
squares fitting procedure of the theoretical dependencies described in the literature [49] to
the experimental data.

The experimental data were collected as amplitude and phase dependences on the
modulation frequency of the excitation beam. During the fitting, the total and opened
porosity, as well as thermal diffusivity and conductivity of the bulk material, were given
trial values to get the best fit. The opened porosity determines the heat conduction in the
material, whereas the closed porosity is related to the heat exchange with the surroundings.
Both these processes define the values of the sample’s thermal diffusivity and conductivity
and can be expressed by the relations Equations (2)—(5) [50]:

4-9p\* 1- -
+\/( 10;9) + 5p (1= po+p)* [eppppo +copo(1 = )L = po+p)] @
o |4-9p 4-9p\* 1—p
ksk’”{ 10 +\/< 10 )+ 5 ] 3)
ks = ks/cppp (4)
Km = km /copo (5)

where py is the total porosity, p is the opened porosity, and (pp—p) is the closed porosity, «m,
km, co, and pg are the thermal diffusivity, thermal conductivity, specific heat and density
of bulk material, respectively, while ¢, and p, are the specific heat and density of pores,
respectively.

2.2.5. Electrochemical Measurements

Electrochemical impedance spectroscopy (EIS) measurements were performed at room
temperature in a three-electrode corrosion cell (volume 250 mL). The working electrode was
a bare and coated steel substrate with a 1.0 cm? surface exposed to the corrosive medium.
A carbon rod served as a counter electrode, and the reference electrode was saturated
Ag/AgCl, (E=0.197 V vs. standard hydrogen electrode).

Measurements were carried out with a multi potentiostat/galvanostat Autolab PG-
STAT M204 (Metrohm Autolab, Nova software 2.1.3, Utrecht, The Netherlands) in the
frequency range from 100 kHz to 5 mHz at a sinusoidal voltage amplitude of 10 mV (rms).
EIS spectra were collected during the immersion of the coated steel sample in 3.5 wt.% NaCl
under open-circuit conditions each week until they showed the first sign of degradation
(a drop in impedance magnitude at low frequencies). For each coated sample, measure-
ments were performed in at least triplicate. A representative measurement was chosen and
presented in plots.

2.2.6. Salt-Spray Test

A 170 L salt spray chamber (model ASCOTT) was used for corrosion testing according
to the standard ASTM B117-07A [51]. The spray solution was 5 wt.% NaCl. The total test
duration was 3 weeks (504 h). The corrosive solution collected in the chamber during
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the test had a pH between 6.5 and 7.2. The test was carried out at 35 °C. Before testing,
the samples were cross-scribed using a sharp diamond blade. The sample edges were
protected with waterproof tape to prevent retention of the corrosive medium. The samples
were placed in a holder, meaning that the surface was tilted at an angle of 30°. After each
time point, the samples were taken out, rinsed with distilled water, and dried in a stream
of nitrogen.

2.2.7. Thickness Evaluation Graph

Calculations were performed by plotting using Python 3.7 and its libraries, such as
numpy, matplotlib.pyplot and scipy.optimize (Figure S1). To better visualise the scattered
experimental data, many test functions were used to achieve a fitted curve with a minimum
error and little to no correlations between the fitting parameters. One such successful test
function was Eqaution (6).

2
10810(1215 ) = (1~ expl(~d)) (1~ ) ©

where | Z |5 mp; is the measured impedance in units () cm?, t is the immersion time in days,
and d is the coating thickness of the sample. Furthermore, parameters a4 and b were not
arbitrarily determined but fitted with the experimental data. The Levenberg-Marquardt [52]
method was used to determine the parameters as a = 9.6 and b = 0.0015 with a minimal
root mean squared error of 1.30 () cm?, and the covariance matrix was also calculated
(Figure S1).

3. Results and Discussion
3.1. The Effect of Curing Temperature on Structure and Corrosion Resistance
3.1.1. Thermal Analysis

The curing process and thermal stability of the PBMA-siloxane-solution were studied
using simultaneous thermogravimetric differential scanning calorimetry and coupled mass
spectrometry (TG/DSC and TG/MS) thermoanalytical methods (Figure 1). The experiment
was performed starting from room temperature and increasing to 700 °C under airflow
to follow mass changes during the process and obtain a final thermal decomposition of
all organic components (reaching the constant mass). Sol-gel coatings are suitable for
applications below 200 °C; therefore, the presented results mainly focus on the processes in
this temperature range.

During the heating of the sample, successive steps of mass loss at different temperature
ranges were noticed on the TG curve (Figure 1a). More precisely, the thermogravimetric
curve reflects four steps: (i) the solvent and residual reagents evolution up to 125 °C,
(ii) copolymerisation between acrylate groups of BMA and MAPTMS and condensation
(dehydration) between silanol (Si-OH) groups forming covalent bonds of the siloxane-
network (Si-O-S5i) from 125 to 195 °C, (iii) thermal decomposition of the organic part
(monomer and head-tail segments) of the sol above 200 °C, and (iv) formation of inorganic
silica (Si0,) above 320 °C.

The DTG curve (Figure 1a) details the separate temperature steps. The first event
starts at ambient temperatures, and the minimum in the DTG is related to the maximal
evaporation rate of liquids used in the preparation (THEF, ethanol, and H,O), side products
of hydrolysis (ethanol from TEOS and methanol from MAPTMS), and condensation reac-
tion (H,O). The evaporation was additionally confirmed with characteristic MS spectra
(Figure 1b). The most intense signals detected with a mass spectrometer arise from the
main chemical precursors used to synthesise PBMA-siloxane are unreacted BMA (69 and
87 m/z), and solvent THF (42 and 72 m/z) [44] (Figure 1b). The characteristic signal for
ethanol is 45 m/z. In contrast, the signal for water was low due to its high background in
the mass spectrometer. The weight loss up to this point was 12.6%.



Coatings 2023, 13, 675 7 of 19
THF
i 42
100 4 L 100 {10710
4-00 _
c
80 € 95
1-02 =
9 E x iL
S 90 104 & 101 5
g g 8 g
2 s 5}
= 41-06 o c
. [0}
40 ° °
®
4-08 —
20 10712
4-1.0
0 T T T T T T T _1.2 T T T T
0 100 200 300 400 500 600 700 50 100 150 200
Temperature [°C] Temperature [°C]

(a) (b)

Heat flow [W/g]

50 100 150 200
Temperature [°C]

(c)

Figure 1. (a) TG and DTG curves of the sample PBMA-siloxane under an air atmosphere with a
flow rate of 50 mL/min and a heating rate of 10 °C/min; (b) MS analyses of evaporated compounds
(numbers on the curves of different colours denote m/z values, as discussed in the text) with the
TG curve added as a reference (black curve); and (c) comparison of a DSC curve, performed under
ambient pressure and HP DSC curve performed at a pressure of 50 bars of PBMA-siloxane dried sol
under static air atmosphere.

The second step ranged from 125 to 195 °C. A slight decrease in the DTG curve is
observed due to the formation of a more stable covalent bond associated with eliminating
the hydroxyl groups (dehydration), which leads to the formation of a Si—O—Si structure.
This part is essential for understanding the curing temperature needed to form a denser,
more crosslinked siloxane coating. This process was completed at 195 °C. The weight loss
in the second step was 3.5%. A small part of the signal intensity (at 63 and 79 m/z) can
be related to the evaporation of the initial TEOS due to its low boiling point (168 °C). The
evaporation of the THF solvent and the BMA precursor trapped in the siloxane matrix was
noticed. The signals for the fragments of TEOS were again noticed in the MS spectra, with
the maximum at 140 °C. In addition, the results show clearly that the addition of BMA
instead of MMA in the siloxane affects the curing process (the curing was completed at
195 °C using BMA instead of 235 °C using MMA [10,39]).

The third step is related to the decomposition of the organic part of the siloxane sol
above 200 °C. With the addition of BMA instead of MMA, all depolymerisation events
were shifted to lower temperatures [39].
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The last step starts at 320 °C, is completed near 480 °C, and is related to the formation
of SiO; from partially condensed silanol (SiOx(OH)y) species. In the whole testing range,
the mass loss was 87.2%.

The temperature range of the polycondensation reaction was determined by more pre-
cise high-pressure DSC (HP DSC). This method gives more detailed information about the
exothermic effects during curing reactions of siloxane sol, which are usually hidden in other
calorimetric methods due to the endothermic evaporation of gaseous species. In Figure 1c,
a visible exothermic peak appears on a DSC curve in the temperature range between 95 and
185 °C. The temperature, which determines the optimal curing temperature, is much easier
to determine from HP DSC. The well-defined broad peak with a maximum positioned at
145 °C reflects the optimal PBMA siloxane curing temperature. The temperature region of
the exothermic signal in the HP DSC curve corresponds well with the second step of the
TG/DTG and MS curves, where condensation reactions occur. Again, the optimal curing
temperature differs from other PMMA-siloxane coatings (usually at 166 °C) [39] due to
differences in MMA or BMA monomers in the sol, which affect the copolymerisation and
condensation reactions.

3.1.2. Chemical Composition and Bonding

The effect of the curing temperature at selected temperatures (25, 90, 120, 150, and
180 °C) on the coating composition was additionally evaluated using FTIR. As a reference,
the spectrum of the as-prepared sol was added to the graph (Figure 2a).

Intensity [A.U.]

1800 1600 1400 1200 1000 800 600

Wavenumber [cm™']

(a)

100 100
— 99 % |
=) 5
< 98 Zgo
3 3
E 97 §70
€ | 25 G E 25°C
@ | @ 90 °C
§ o 90°C &% —— 120°C
— —— 120°C = 150 °C
9 —— 150°C 50 —— 180°C
—— 180°C
94 40 /
1700 1680 1660 1640 1620 1600 1800 1760 1720 1680 1640
Wavenumber [cm™] Wavenumber[cm™]

(b) (c)

Figure 2. (a) ATR FTIR transmittance (each bar represents 4%) spectra of as-prepared sol and coatings
deposited on the metal substrate and cured at different temperatures (25 °C, 90 °C, 120 °C, 150 °C,
180 °C). The withdrawal rate was 2.3 mm/s. (b,c) show the insert of the specific region of the C=C
band at 1636 cm~! and C=0 band at 1724 cm~! in FTIR spectra.
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The spectra for the coatings cured at selected temperatures showed the same band
positions for coatings between 1800 and 600 cm~!. However, there were some differences in
the band intensity of characteristic bands for PMBA-siloxane bands and the acrylate group
changing as a function of temperatures (Figure 2a). The most pronounced changes are
observed for the intensities of bands at 940 and 1060 cm !, which refer to the condensation
of siloxane bonds. In the range between 1000 and 800 cm ™!, which is characteristic for
5i-O~ bonds, the intensity of the bands for coatings cured at 25 °C was much higher
than for those cured at higher temperatures. The opposite trend was observed for bands
between 1100 and 1000 cm ™!, where coatings cured at higher temperatures have higher
band intensities. Bands in this range are characteristic of Si-O-5Si bonds; curing at higher
temperatures tends to improve polycondensation, and consequently, the proportion of
unreacted Si-O~ in the coatings is lower than at lower temperatures [22,23,53].

With the increase in curing temperature, the intensities of the band at 1060 cm™
increased, and the bands at 945 and 844 cm~! decreased, confirming a greater degree
of polycondensation. Other band intensities in the spectra, such as the band for Si—C at
750 cm~!, remain constant for coatings despite curing at various temperatures. These
results reflect that the composition of coatings did not change with increasing curing
temperature.

The insert of the region of C=C double bonds at 1636 cm~! (Figure 2b) indicates
that the band intensity was reduced as a function of curing temperature. The coating
at 25 °C did not undergo polymerisation, confirming that the copolymerisation in the
presence of BPO has to be thermally activated. The benzoyl peroxide BPO can be fully
activated at around 100 °C [54-56]. In this study, propagation of the prepared radicals
and copolymerisation of acrylate groups were already partly achieved during synthesis (at
70 °C). The main difference in the degree of copolymerisation, i.e., in the band intensity of
C=C, was noticed after curing at 90 °C. Similar behaviour was also noticed in the carbonyl
bond (C=0, 1724 cm 1) (Figure 2c), where the band’s intensity increased due to a decrease
in the number of interactions with the remaining C=C bond (C=C ... C=0) [39]. Curing at
higher temperatures (above 90 °C) did not significantly affect the copolymerisation because
the C=C band intensities remained similar, and the rest can be related to unsaturated
chain terminations.

1

3.1.3. Coating Thickness and Porosity

Figure 3 presents the effect of different curing temperatures on coating thickness. All
samples were prepared with the same composition and applied at the same withdrawal
rate of 2.3 mm/s. The coatings thicknesses were in the range of 3.3-3.6 um. The thickness of
the coating cured at 25 °C was 9% thicker than at 180 °C, which could be the consequence
of more intense solvent evaporation leading to the shrinking of the coating at higher
temperatures (Figure 3).

Figure 4 shows the results obtained for opened and total porosity. The lowest total
porosity of the final coating was obtained at the highest curing temperature (180 °C). The
total porosity is defined as the sum of opened and closed porosities in the coating structure
(free channels volume (opened porosity) or both free voids and channels volume (total
porosity) divided by the total volume of the coating), as explained in the Experimental
Section 2.2.4 Coating porosity The total porosity almost linearly increases with lower curing
temperatures. Applying the sol to a surface followed by curing at elevated temperatures
results in a more intensive shrinking and, consequently, a more compact structure [57,58].
Coatings cured at lower temperatures are thicker (Figure 3) but more porous (Figure 4)
than those cured at elevated temperatures.
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Figure 3. PBMA-siloxane coating thickness with error bars deposited on structural steel vs. curing
temperature. The withdrawal rate was 2.3 mm/s.
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Figure 4. Total and opened porosity of coatings with error bars deposited on structural steel and
cured at different temperatures. The withdrawal rate was 2.3 mm/s.

3.1.4. The Effect of Curing Temperature on the Corrosion Resistance

Previous studies [32,33] showed that PBMA-siloxane exhibited better corrosion pro-
tection than PMMA-siloxane when cured at 180 °C. We investigated in this study whether
the change in curing temperature would affect the corrosion properties of PBMA-siloxane.
After curing at various temperatures, coatings deposited on structural steel were immersed
in 3.5 wt.% NaCl, and the EIS measurements were carried out. Spectra recorded for each
curing temperature measured at different immersion periods are presented in Figure S2.
The representative spectra for the coatings cured at different temperatures and measured
after 13 weeks are presented in Figure 5. As a quantitative measure of coating corrosion re-
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sistance, the impedance magnitude at 5 mHz was taken (| Z | 5 ,11,). Namely, the impedance
at low frequency reflects the corrosion process at the interface metal/coating [30,32,33,39].
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Figure 5. Bode plots of impedance magnitude of PBMA-siloxane coatings, cured at different tem-
peratures and measured after immersion in 3.5 wt.% NaCl at 13 weeks. Symbols correspond to the
experimental data. The withdrawal rate was 2.33 mm/s.

The decrease in curing temperature by 30 °C (from 180 to 150 °C) did not induce any
significant change in corrosion protection performance (expressed as | Z |5 mp,) (Figure 6).
The first negative sign of insufficiently high curing temperature was observed at 120 °C,
where the coating followed the same properties as at high temperatures for 3 months, and
then the | Z |5 11, started to decrease slowly. Curing at 90 °C gave even worse results, with
the coating being protective for only 2 months before it started to corrode. The worst result
was obtained with the coating dried at 25 °C, and this sample started to corrode after 1 day
of immersion. The presented results prove that a higher curing temperature is an essential
final step for optimal corrosion protection. This is aligned with the results on total porosity,
which almost linearly increased with lower curing temperatures (Figure 4). A similar
observation for lower corrosion resistance was already reported in our previous study,
where coatings with longer alkyl chains on methacrylate had larger porosity, resulting in
lower corrosion protection performance [32].

Images of steel samples coated with PBMA-siloxane coatings cured at different temper-
atures are presented after exposure to laboratory corrosion testing in a salt spray chamber
in Figure 7. The figure does not include a bare steel substrate since it corroded after only
one hour in a salt chamber environment. Coated samples were scribed to induce artificial
defects for faster deterioration under harsh conditions of high chloride concentration and
elevated temperature. The test lasted up to 3 weeks. After a few hours of exposure, all
samples showed the first signs of corrosion on defects, where the unprotected steel was
exposed to an aggressive environment. Corrosion began to spread outward in these parts,
initially uniformly for all samples. After 0.5 weeks, the first significant changes appeared
among the coatings. The corrosion spread faster for the sample dried at 25 °C than for
other samples. After 1.5 weeks, the difference became even more apparent. The first signs
of more significant corrosion damage were noted for the coating cured at 90 °C. With more
prolonged exposure to an aggressive environment (2 weeks), differences in coatings cured
at lower temperatures became more pronounced, accompanied by coating delamination.
At the end of the experiment (3 weeks), the sample that had dried at 25 °C had corroded
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entirely. Signs of heavy corrosion damage were also visible for the sample cured at 90 °C
and slightly less for the sample cured at 120 °C. The samples cured at 150 and 180 °C
showed the best corrosion protection, proving that the curing temperature is crucial for
achieving durable corrosion protection.

1011

100 ¢
10° |
107
100 |

105 Y

Impedance at 5 mHz [Q cmz]

100 L

108 L 1 1 1 1 1

Immersion time [week]

Figure 6. Time dependence of the impedance value | Z |5 i, recorded in 3.5 wt.% NaCl for PBMA-
siloxane coatings deposited on structural steel and cured at different curing temperatures. The
withdrawal rate was 2.3 mm/s.

Sample/ | 0week 0.5 week 1.5 week 2 weeks 3 weeks
T curing

25°C

150 °C

180 °C

Figure 7. Images of structural steel samples coated with PBMA-siloxane coatings and cured at
selected temperatures after 0, 0.5, 1.5, 2 and 3 weeks of salt spray test (ASTM B117) to monitor
corrosion propagation (dark brown colour). Samples were scribed before exposure. The withdrawal
rate was 2.3 mm/s.
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3.2. The Effect of Withdrawal Rate on Coating Properties
3.2.1. Coating Thickness and Topography

Here, the effect of the withdrawal rate on the thickness and topography of the coatings
was studied. In previous studies [10,12,27,28], the withdrawal rate for acrylate-based sol-
gel was 14 cm/min (2.3 mm/s). Figure 8 presents the withdrawal rate of PBMA-siloxane
sol in the range from 1 to 50 mm/s.
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Figure 8. Graph of thickness and surface roughness (expressed as arithmetic mean height S,)
dependence on the withdrawal rates during the dip-coating procedure. The graph does not present
the point for the calculated thickness at 48 mm/s. Coatings were deposited on structural steel and
cured at 180 °C.

The thickness increased linearly with the withdrawal rate up to 8 mm/s (gaining
0.9 pm for every 1 mm/s, from 2.3 to 7.4 um). This linear behaviour results from a balance
between the time scales of gravitational drainage and the evaporation of the solvent [59].
At a certain point, a limiting withdrawal rate is reached when the influence of gravity
becomes comparable to that of evaporation. In addition, this relationship may be limited
due to the physical properties of the coating material and surface properties (e.g., surface
tension and density/viscosity of the sol). These can be seen when thickness has stabilised
(gaining 0.039 pm for every 1 mm/s).

The further increase in withdrawal rate did not significantly change thickness. The
change in the slope was attributed to the fact that the sol viscosity and draining regimes
had no further impact on thickness [60-62]. Under those conditions, the deposited sol is too
thick for gravity viscous drag to be in the ratio by the adhesion [63], resulting in a thicker
coating as more material accumulates on the substrate.

The arithmetical mean height (S,) of the coating, in the size area of 500 pm x 500 pm,
was used to express the surface roughness. S, followed the trend with the thickness,
increasing from S, = 0.007 pm at a low withdrawal rate (1.17 mm/s) to a 10 times rougher
surface S, = 0.064 um, with a withdrawal rate of 48.3 mm/s (Figure 8). The increase in
surface roughness was related to the change in topography (Figure 9) from very smooth
at a low withdrawal rate <2.3 mm/s to the appearance of first domains at 4.5 mm/s.
This is because the coating material is more likely to form irregularities and defects when
pulled away from the substrate. These irregularities can create peaks and valleys on the
coating surface, resulting in a rougher texture. Those domains became more pronounced
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and transformed from round-shaped domains into rectangular ones at higher withdrawal
rates due to a thicker coating, the formation of thickenings at a higher withdrawal speed,
and shrinkage of the coating during drying. At the centre of round-shape domains, the
roughness remained low (e.g., blue coloured in Figure 9i), but the average surface roughness
of the whole measured area increased due to a topography change.

Figure 9. 3D topography images of the area 500 pum x 500 pum for coatings obtained with different
withdrawal rates (a) 1.2 mm/s, (b) 2.3 mm/s, (c) 4.5 mm/s, (d) 7.0 mm/s, (e) 9.3 mm/s, (f) 11.7 mm/s,
(g) 17.4 mm/s, (h) 23.3 mm/s and (i) 48.3 mm/s. Coatings were deposited on structural steel and
cured at 180 °C.

For a better explanation of the effect of withdrawal rate on the coating thickness, the
growth was modelled according to the Landau-Levich model (L-L model), Equation (7),
which is typically used for rates in the range of 1-10 mm/s and with low liquid viscosity
(sol-gel) [64,65].

2
I (7Up)3

0="C77 1

v (08)?

hyp is the thickness, c is the constant [0.94], y is the surface tension [N/m], p is the
density [kg/m?], 7 is the liquid viscosity [Pa s], Uy is the withdrawal rate [m/s], and g is the
gravitational earth constant [9.81 m/s]. The L-L model is valid in the draining region with
withdrawal rates higher than 1 mm/s, where the effect of surface tension is considered. In
Figure 8, the dotted blue line presents a rough approximation of the value of the L-L model
with approximate values taken for sol (7 = 0.0025 N/m, p = 930 kg/m?, 7 = 0.001 Pa s). The
model nicely follows the experimental thickness data up to a withdrawal rate of 8 mm/s.
After 8 mm/s, however, the L-L model is still increasing in concave form, and at higher
withdrawal rates, the model does not follow the experimental data. This deviation may be
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related to the solution being too thick for the viscous flow to be counterbalanced by the
adhesion [60].

3.2.2. The Effect of Coating Thickness on the Corrosion Performance

Coating thickness is one of the essential parameters for the optimal protection of a
barrier coating against a harsh environment. A thicker coating enables better resistance
against corrosion due to the longer diffusion path of corrosion species to the substrate [5].
On the other hand, the optimal thickness of protective coatings has to be obtained since a
much thicker coating does not necessarily imply better protection [66,67]. Namely, thick
coatings can cause defects, failures, and cracking caused by stress or shrinking with the
coating’s drying. Thicker coatings can also have an economic impact since more paint is
needed to obtain the desired thickness, increasing the object’s weight [68]. On the other
hand, if the coating is not sufficiently thick, pitting corrosion may occur [69].

The Bode spectra of the magnitude of impedance (1 Z ) vs. frequency (f) recorded for
coatings of different thicknesses as a function of immersion time up to four weeks are given
in Figure S3. Figure 10 presents the corrosion performance of PBMA-siloxane coatings of
different thicknesses from 1 to 8 um over three weeks of immersion in 3.5 wt.% NaCl. The
graph is constructed based on the data presented in Figure S3 and taking | Z | 5 np, as the
parameter of corrosion performance as a function of coating thickness and immersion time.
The impedance value on the first day slowly decreased for 3 decades from 1 GQ cm? to
1 MQ cm? for a 1 um thick coating, whereas for a 4 um thick coating, the value remained at
the GO cm? range. With longer exposure to the chloride environment, the rate of coating
failure for 1 um was more pronounced, and after four weeks, it was corroded, i.e., | Z |5 mp;
dropped to 10* Q cm?. A 1 um thick coating would not be suitable for corrosion protection
applications. According to the results, the minimum thickness for the coating based on
BMA has to be at least 4 pm to assure long-term protection. At any thickness smaller
than 4 pm, the coating would eventually fail. The coatings thicker than 4 pm retained
high corrosion resistance at longer immersion times (Figure 10). This is aligned with our
previous study showing that a coating with a thickness of ~6—7 um remained unchanged
for more than 18 months in 5 wt.% NaCl [32].
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Figure 10. The impedance magnitude |Z |5 1y, is presented for coatings of different thicknesses
(1-8 um) deposited on structural steel and cured at 180 °C vs. immersion time in 3.5 wt.% NaCL

4. Conclusions

Hybrid sol-gel polybutyl methacrylate PBMA-siloxane was optimised by curing and
determining the minimum thickness for optimal corrosion protection. The optimisation
was carried out in the direction of lower curing temperature compared with the currently
known literature data. It turned out that a lower curing temperature slows the process
of polycondensation (formation of siloxane bonds) and, consequently, the polymerisation
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process. At the same time, there is less coating shrinkage at lower temperatures, which in
turn causes greater total porosity. All these properties consequently affect the corrosion
properties, with the coatings curing at a lower temperature and exhibiting poorer corrosion
protection. According to the results of thermal analysis by differential scanning calorimetry
and corrosion properties analysis by electrochemical impedance spectroscopy and salt
spray chamber, 150 °C is the optimal curing temperature of the PBMA-siloxane coating.
Analysis of FTIR spectra also confirmed that the chemical changes of the coating due to
copolymerisation and polycondensation are mostly complete after curing at 150 °C.

In addition to the curing effect, the optimal coating thickness that still provides durable
protection for several weeks is 4 um. The thickness of the coating can be controlled by
different withdrawal rates.

The studied coating presents a promising approach to corrosion protection of structural
steel for applications where only a few micrometres of thick coating is required.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ coatings13040675/s1, Figure S1: The covariance matrix for fitted
parameters a and b.; Figure S2: Bode plots of impedance magnitude of PBMA-siloxane coatings,
cured at different temperatures and measured after immersion in 3.5 wt.% NaCl for up to 27 weeks.
Figure S3: Bode plots of impedance magnitude of PBMA-siloxane coatings, deposited at different
thicknesses and measured after immersion in 3.5 wt.% NaCl for up to 4 weeks.
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