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A B S T R A C T   

A hybrid coating based on polyorganosilazane (Durazane® 1800) combined with 3-glycidyloxypropyltrimethox-
ysilane (GPTMS) was successfully synthesized to improve the corrosion resistance of the AA2024-T3 aluminum 
alloy. The polymers were cross–linked with the addition of tetra-n-butylammonium fluoride (TBAF), and the 
hybrid coatings were deposited on aluminum substrates by dip coating and dried at 120 ◦C. Crack-free films with 
a thickness of 13 μm were obtained. Field emission electron microscopy (FESEM) analysis indicated that the 
synthesized hybrid films were smooth, homogenous, and devoid of cracks. Attenuated total reflectance Fourier 
transform infrared spectroscopy (ATR-FTIR) studies demonstrated that the intensity of the Si–N–Si peak was 
maintained, showing that the backbone of the polysilazane was preserved after the addition of GPTMS. Nuclear 
magnetic resonance (NMR) spectroscopy indicated that glycidoxypropyl groups were still present in the Si–O–N 
network of the modified polysilazane. Contact angle measurements indicated that the hybrid coatings were 
hydrophobic, with a measured contact angle of 93 ± 6◦. The electrochemical results confirmed that the syn-
thesized hybrid coatings improved the corrosion resistance of the aluminum substrate in 3.5 wt% NaCl solution. 
This suggest that the modified polyorganosilazane coating is an effective solution for developing anti-corrosive 
coatings on metal substrates, offering excellent adhesion strength and good scratch resistance.   

1. Introduction 

Aluminum and its alloys have been the primary materials of choice 
for the aircraft and aerospace industries for more than 80 years due to 
their low weight, ease of machinability, and suitable mechanical prop-
erties for supporting the design of aircraft structures and engines. The 
decrease in weight can reduce fuel consumption and increase payload 
during long flights, directly reducing operating costs (Dursun and Soutis, 
2014; Zhang et al., 2018). However, its low corrosion resistance in 
coastal and harsh environments critically limits its use. There are 
different ways to enhance the corrosion resistance of aluminum alloys, 
but the use of surface modification techniques to avoid contact of the 
aluminum surface with corrosive environments is one of them. In 
particular, chromate conversion coatings (CCC and CCA) represent the 
most efficient and low-cost strategies. However, the restrictions relating 

to the use of hexavalent chromium Cr (VI) as a surface treatment are 
extremely strict due to its health and environmental risks. Although 
aircraft or aerospace companies continue to use hexavalent chromium in 
specific applications, efforts are underway to identify alternative and 
effective environmental surface treatments. For example, some com-
panies have started with the development and marketing of trivalent 
chromium coatings that are less toxic (<0.1 wt% set by REACH regu-
lations (Ely et al., 2017)). Other research groups have been working on 
developing conversion coatings based on heteropolymetalates or poly-
metalates such as heteropolymolybdates, where Mo (III) and Mo (IV) are 
transformed to Mo (V) and M (VI) species that are more stable (Minevski 
et al., 2002). Despite these efforts, a complete replacement of Cr+6-based 
coatings have not yet been achieved, and it remains uncertain whether 
such a replacement is feasible. However, various alternatives can be 
considered and used for many applications, depending on each specific 
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coating, and here the sol–gel process emerged as a facile and versatile 
technology. The sol–gel process is considered a very efficient and 
economical solution for developing anti-corrosive coatings on metal 
substrates. According to Segal (1984), “the term sol-gel processing 
usually refers to the fabrication of inorganic oxides using either metal 
alkoxide precursors or colloidal dispersions (sols) of hydrous oxides”. 
Polysiloxanes (Si–O–Si) sol–gel coatings have been proposed as a suit-
able alternative for chromate conversion coatings (Castro et al., 2020; 
Arunoday et al., 2022; Mussa et al., 2021; Subasri et al., 2019). Thus, 
numerous papers (Salstela et al., 2016; Feng et al., 2010; Ochi et al., 
2001) have reported promising anti-corrosive properties and adequate 
adherence to aluminum substrates of hybrid silica coatings obtained 
using different organic silane monomers, particularly glycidoxypropyl-
trimethoxysilane (GPTMS) (Salstela et al., 2016; Feng et al., 2010; Ochi 
et al., 2001). The organic component of these hybrid materials can 
improve the adhesion, density, and flexibility of the coating, while the 
inorganic component can enhance scratch resistance, thermal stability, 
hardness, optical characteristics, and corrosion resistance (Arunoday 
et al., 2022; Xiong et al., 2019; Zhang et al., 2023). 

Despite their remarkable barrier properties, inorganic-organic 
hybrid coatings can suffer from mechanical damage and defects when 
exposed to harsh environments or during transportation and service life 
(Segal, 1984). The presence of defects in the coatings results in a quick 
diffusion of electrolyte through micropores or scratches, accelerating 
the degradation of the aluminum substrate. The economic cost associ-
ated with corrosion failure is costly and cumbersome. Currently, 
different approaches have emerged to improve the corrosion protection 
associated with the enhanced mechanical and thermal properties of 
hybrid sol-gel coatings (Askarnia et al., 2021; Askarnia et al., 2023; 
Sobhani et al., 2023; D’Orazio et al., 2023). 

Among them, the use of polysilazanes as silicon-based polymers 
could be a good alternative to improve the barrier properties of sol-gel 
coatings. The polymer can be heat treated at temperatures ≥400 ◦C in 
air, N2, and Ar atmospheres to convert it into Si3N4, SiCNO, SiON, or 
SiCN (Barroso et al., 2020), producing polymer-derived ceramics (PDC). 
A strong adhesion to most substrates (Picard et al., 2015; Amouzou 
et al., 2014) and a high chemical (Coan et al., 2015), thermal (Gardelle 
et al., 2011), and UV resistance (Hu et al., 2009) are some of the special 
properties of PDC coatings. It is crucial to control the crosslinking of 
polysilazane molecules without breaking them, which can be achieved 
using various methods including chemical reactions with the atmo-
sphere, UV irradiation, and high-temperature treatment (600–1000 ◦C). 
In all cases, the principal objective is to obtain crack-free coatings with 
good chemical and mechanical properties (Flores et al., 2013; Chavez 
et al., 2011; Bahloul et al., 1993; Gü et al., 2012). However, large 
shrinkage associated with the transformation of a polymer to ceramic 
takes place at elevated temperatures, and during this process, cracks or 
pores can be formed. Therefore, achieving defect-free coatings with 
excellent chemical and mechanical properties at low sintering temper-
atures is crucial (Zhang et al., 2023; Askarnia et al., 2021, 2023; Sobhani 
et al., 2023) to protecting light alloys such as aluminum or magnesium 
alloys. For instance, Bauer et al. (2005) reported a novel method for 
preparing silazane-based coatings employing moisture and low 
heat-treatment (50–100 ◦C). According to their results, the curing 
mechanism is based on the condensation of silanols produced by the 
hydrolysis reactions of Si–H and Si–N with the OH groups in moisture. 
They also claimed that the inclusion of polyorganosilazane moieties 
provides an opportunity to improve the hardness and flexibility of the 
polysilazane films (Bauer et al., 2005). Similarly, Nicolas et al. (Dargè 
et al., 2012) investigated the hydrolysis and condensation reactions of 
an organosilazane molecule (1,1,3,3-tetramethyldisilazane) with water 
at room temperature and suggested that Si–N groups hydrolyze faster 
than the Si–H groups, resulting in the formation of Si–N–Si and Si–O–Si 
polymer networks. 

Dense coatings at low temperatures (≤100 ◦C) have been reported 
with the addition of catalysts such as 1,2,4-triazole compounds (Hafidh 

et al., 2020), chloroplatinic acid (H2PtCl6) (Yuan et al., 2019), dicumyl 
peroxide (DCP) (D’Elia et al., 2018), and tetra-n-butylammonium fluo-
ride (Furtat et al., 2017; Zhan et al., 2021). Another strategy involves 
modifying the polysilazane backbone by introducing organic functional 
groups to achieve dense polysilazane-derived coatings. Trifluoroethoxy, 
vinyl, hydroxyl, monomethoxy, and methyl methacrylate have been 
considered Si–O–N network modifiers (Coan et al., 2015; Lo et al., 2020; 
Perrin et al., 2015; Nguyen et al., 2013; Kong et al., 2013). In all cases, 
the modified polysilazane solutions can be deposited and cured on metal 
substrates at low temperatures. For example, Corriu et al. (1983) 
developed a novel method that utilizes nucleophilic catalysts to syn-
thesize polysilazane coatings on metallic substrates. This approach has 
demonstrated potential for achieving excellent corrosion–resistant 
properties without decomposing the silazane backbone. However, the 
synthesis process can be complex, which can limit control over the 
resulting coating’s structure. Furtat et al. (2017) prepared coatings on 
AISI 304LN and aluminum substrates using Durazane 1800 modified 
with trifluoroethoxy functional groups with remarkable oxidation 
resistance and a high contact angle. However, despite the numerous 
papers related to the use of hybrid silica sol-gel coatings to control the 
corrosion of aluminum alloys, there are very few references to poly-
organosilazanes–based coatings. The inclusion of organic substituents in 
the polysilazane polymer allows adjustment of its properties. 

Thus, the aim of the present study was to examine the incorporation 
of GPTMS precursor into polyorganosilazane networks to improve the 
corrosion resistance of aluminum alloys. To the best of our knowledge, 
this is the first time a modified polyorganosilazane has been used to coat 
the AA2024-T3 alloy. The modified polyorganosilazane solution was 
prepared in the presence of TBAF as a nucleophilic catalyst to obtain a 
pre-crosslinked polyorganosilazane backbone and to avoid decomposi-
tion of the polymer. Attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR) and nuclear magnetic resonance 
(NMR) were used to study the effects of synthesis steps on chemically 
modified structures. The resulting anti–corrosive properties of modified 
polyorganosilazane coatings were assessed using electrochemical 
impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) 
tests in a 3.5 wt% NaCl solution, showing an improvement in corrosion 
resistance. The modified polyorganosilazane coatings exhibited favor-
able hydrophobic and mechanical properties, including excellent 
adhesion strength to AA2024 and good scratch resistance. 

2. Materials and methods 

2.1. Materials 

Durazane® 1800 designated as polyorganosilazane (OPSZ), and n- 
butyl acetate (NBTA, 99%) were supplied by Merck, Germany. 3-(gly-
cidyloxypropyl) trimethoxysilane (GPTMS, 98%) was provided by 
ABCR, Germany. Tetra-n-butylammonium fluoride (TBAF), 1M in 
tetrahydrofuran (THF), was received from Alfa Aesar, USA. All reactants 
were used without further purification. 

2.2. Pre–treatments 

Prior to the coating, a commercially available aluminum alloy 
(AA2024-T3) with a composition (wt%) of 4.67% Cu, 0.05% Si, 0.21% 
Fe, 1.5% Mg, 0.64% Mn, 0.029% Ti, 0.07% Zn, (Al was the rest) was cut 
to the dimensions of 2 × 4 × 0.2 cm3, and pre–cleaned using the pro-
cedure reported in (Castro et al., 2020). Then, the samples were rinsed 
with acetone, deionized water, and dried in ambient air. 

2.3. Synthesis of modified polysilazanes solution 

8 g of Durazane® 1800 was dissolved in 6.4 g of n-butyl acetate 
(NBTA). After stirring for 20 min at 25 ◦C, 0.5 wt% TBAF was added 
dropwise to prevent OPSZ fragmentation and evaporation. Then, 15 wt 
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% of GPTMS (relative to OPSZ) was added to the reaction mixture and 
refluxed at 55 ◦C for 60 min under continuous magnetic stirring. Finally, 
a transparent and yellow solution was obtained and maintained at RT. 
Fig. 1 illustrates the synthesis of polyorganosilazane/GPTMS sol. 

A similar procedure was used to prepare a polyorganosilazane so-
lution without the addition of GPTMS. 

2.4. Characterization of the modified polysilazane solution 

The presence of reactive groups and their crosslinking during the 
synthesis of modified polysilazane solutions were monitored by a 
Fourier transform infrared spectrophotometer (a PerkinElmer Spectrum 
100 spectrometer with a diamond ATR sampling unit). The spectrum 
was recorded between 4000 and 400 cm− 1 using 16 scans at a resolution 
of 0.5 cm− 1. A Bruker Avance-400 pulse spectrometer (Karlsruhe, Ger-
many) was employed to obtain solid-NMR spectra. 13C CP-MAS spectra 
were measured to provide structural characterization of the poly-
organosilazane/GPTMS sol cured at 120 ◦C. The spectra were recorded 
after irradiation of samples with a π/2 (5 μs) pulse in a single pulse 
sequence. In order to avoid saturation effects, the recycle delay times 
used were 10 s. The spinning rate used in MAS-NMR experiments was 10 
kHz. The number of scans was varied between 400 and 800. All mea-
surements were carried out at room temperature with TMS (tetrame-
thylsilane) as an external standard. The error in chemical shift values 
was estimated to be lower than 0.5 ppm. 

2.5. Coating deposition 

The synthesized polyorganosilazane/GPTMS and poly-
organosilazane sols were deposited onto the pre–cleaned AA2024-T3 
alloy by dip–coating using a withdrawal rate of 30 cm/min. Then, the 
coated Al substrates were heat treated at 120 ◦C for 2 h. The resulting 
coatings were labeled as OPSZ/GPTMS coating and OPSZ coating, 
respectively. 

2.6. Coating characterization 

The surface topography and elemental composition of the OPSZ/ 
GPTMS coatings were examined using field emission scanning electron 
microscopy (FESEM) equipped with an energy-dispersive X-ray spec-
troscopy (EDS) detector (model: Hitachi S4700). The FESEM was 

operated at an acceleration voltage of 20 kV, while the EDS detector was 
operated at 5 kV. 

The surface roughness (Ra-parameter) was measured using a profil-
ometer (Model: Zeta 20, KLA Corporation) at a magnification of 20× and 
a resolution of 0.1 nm. Contact angle measurements of both bare and 
coated aluminum substrates were carried out using the dynamic sessile 
drop method (model: Kruss DSA 100) in an ambient atmosphere, 
depositing around 4 μL of water on the surface. To minimize errors and 
increase the reliability of the results, repeated measurements were 
performed on each sample. 

The corrosion protection properties of the OPSZ/GPTMS and OPSZ 
films were evaluated using potentiodynamic polarization and electro-
chemical impedance spectroscopy (EIS) techniques. A saturated calomel 
electrode (SCE) was used as the reference electrode, a platinum wire 
electrode as the counter electrode, and coated and uncoated AA2024-T3 
samples as the work electrode. To reach a steady state condition, the 
open circuit potential (Eoc) was recorded for 3600 s before polarization 
curves and EIS spectra measurements. Potentiodynamic polarization 
curves (PDPs) were recorded by varying the potential from − 500 mV up 
to +500 mV related to the saturated calomel electrode (SCE) and 
applying the sweep rate of 1 mV/s in 3.5 wt% NaCl, using a Gamry In-
struments (PA, USA) electrochemical cell. The exposed area was fixed to 
0.78 cm2. The corrosion potentials (Ecorr) and corrosion current densities 
(icorr) were determined from potentiodynamic polarization curves using 
Tafel extrapolation. 

The EIS measurements were performed in the frequency range of 1 ×
105 Hz–0.1 Hz at OCP by applying an AC voltage amplitude of 10 mV. 
Gamry Echem Analyst software (Gamry Instrument, Inc.) was used to 
analyze and fit the PDP and EIS data. The experiments were repeated at 
least three times to verify their reproducibility. Before and after the EIS 
measurements, the samples were analysed by visual observation using a 
digital camera. 

Dry sliding wear tests were performed using a pin-on-disc tribometer 
(MT/10/SCM from Microtest). The slider disc was a 100 Cr steel ball 
with a 6 mm diameter. The test parameters were a normal load of 1 N 
and a total sliding distance of 40 m with a rotating speed of 0.01ms− 1. 
Finally, the scratch resistance (CETR/MOD: MM-1) of the coated sub-
strates was determined by generating a controlled scratch with a dia-
mond tip over the specimen surface. The tip was drawn across the coated 
surface under constantly increasing loads. The normal applied load 
ranged from 0 to 10 N and the scratch speed was 0.025 mm/s. At the 

Fig. 1. Flow chart of the synthesis of polyorganosilazane/GPTMS sol.  
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critical load, coating failure was discerned by optical microscopy of the 
surface during testing. 2–3 different tests were performed to determine 
the reproducibility. 

3. Results and discussion 

We initially diluted OPSZ in NBTA (OPSZ þ NBTA), and then, TBAF 
(OPSZ þNBTA þ TBAF) was added to the mixture. Finally, GPTMS was 
added and heated for 1 h at 55 ◦C (OPSZ þ NBTA þ TBAF þ GPTMS). 
During the synthesis, liquid samples were collected and analysed using 
FTIR to investigate the reaction mechanism of the modified poly-
organosilazane solutions in detail. The principal bands at ~3380 cm− 1 

(N–H stretching mode), ~1165 cm− 1 (N–H bending mode), ~2119 cm− 1 

(Si–H symmetric deformation), ~880 cm− 1 (Si–N–Si symmetric 
stretching mode), ~1260 cm− 1 (CH3 of the non–hydrolysable Si–CH3 
group), and ~1403 cm− 1 (C––C vibrations), associated with the OPSZ 
precursor, were identified in the spectra (Dursun and Soutis, 2014; 
Zhang et al., 2018) (Fig. 2a). The –CH2 band (~1403 cm− 1) was used as 
an internal standard to compare the spectra because this band does not 
undergo modifications during the synthesis. 

Fig. 2 (b–d) shows the area magnification of the most important 
peaks. The spectrum of OPSZ + NBTA + TBAF exhibits three significant 
changes in comparison with the OPSZ + NBTA spectrum. The intensities 

of N–H (~1165 cm− 1) and Si–H (~2119 cm− 1) bands decreased, and the 
intensity of the Si–N band (880 cm− 1) increased, indicating that the 
TBAF catalyzed the dehydro–coupling reaction between Si–H and N–H 
to yield new Si–N–Si bonds (Flores et al., 2013; Furtat et al., 2017). The 
inclusion of TBAF is also essential for enhancing the Si–H bond reactivity 
and preventing the decomposition of the silazane backbone induced by 
water impurities during synthesis (Segal, 1984). 

With the addition of GPTMS, a new small band at 1089 cm− 1 

(Fig. 2d), assigned to its corresponding Si–O–CH3 stretching vibration 
mode, was identified (Segal, 1984). However, the intensity of the Si–H, 
N–H, and Si–N–Si bands did not change, indicating that GPTMS did not 
react with the silazane molecule in the liquid state. However, after 
curing the sol at 80 ◦C, significant changes were observed in the FTIR 
spectra. Fig. 3 shows the spectra of the cured OPSZ + NBTA + TBAF and 
OPSZ + NBTA + TBAF + GPTMS samples. 

The reduction of the intensity of the Si–H peak and the appearance of 
a broad band around 1020 cm− 1 corresponding to Si–O–Si bonds indi-
cate that the GPTMS molecule was bound to the silazane backbone by 
hydrolysis and condensation between the Si–OEt and Si–H groups. Lo 
et al. (2022), reported the formation of silanol groups (CH3–Si–OH) due 
to a rapid reaction of CH3–Si–H groups with a small amount of water. 
Then, the Si–OEt group can condense, forming Si–O–Si bonds associated 
with the humidity presence in the environment during the curing 

Fig. 2. FTIR spectra of OPSZ + NBTA, OPSZ + NBTA + TBAF and the modified polyorganosilazane (a). Si–H (b), N–H bending mode, Si–OEt (c) and Si–N–Si (d) 
bands in detail. 
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process, releasing hydrogen and ethanol. As Si–H and Si–NH are two 
types of bonds with similar bond energies of 378 and 437 kJ mol− 1 

(Sønderbæk-Jø et al., 2022), the moisture in the environment can also 
react with the Si–NH–Si bonds to produce Si–NH2, OH–Si, and NH3 as by 
products. The release of ammonia leads to an alkaline environment that 
can catalyze the hydrolysis and self-condensation of Si–OH and Si–OEt 
groups (Dargè et al., 2012; Marceaux et al., 2014) to form more Si–O–Si 
bonds. The reduction of the intensity of the Si–NH peak suggests that 
GPTMS aids in the hydrolysis and condensation of the Si–NH–Si bonds, 
leading to the formation of additional Si–O–Si bonds (Fig. 3), as 
mentioned by Müller et al. (Mü et al., 2016). The intensity of Si–N–Si 
peak is maintained, indicating that the backbone of the polysilazane is 
preserved after GPTMS addition (Fig. 3). These findings demonstrate 
that at low temperatures (80 ◦C) the curing mechanism promotes the 
hydrolysis and condensation reactions between Si–H, Si–NH, and Si–OEt 
bonds, resulting in the development of a cross–linked Si–O–N network 
composed of Si–N–Si and Si–O–Si bonds. 

Further information about the Si–O–N network structure was ob-
tained using 13C MAS NMR spectroscopy. Fig. 4 shows the NMR spectra 
of 13C of the OPSZ + NBTA + TBAF + GPTMS sample after curing at 
120 ◦C. Different 13C NMR signals (Fig. 4) were assigned based on the 
data from the literature (Gardelle et al., 2011; Dargè et al., 2012; Yokota 
et al., 2010; Wang et al., 2022; Templin et al., 1997). The signals 

associated with the carbon atoms of the GPTMS and OPSZ molecules 
(designated from C1 to C9) were identified. 

The signals corresponding to C––C (C7, C8) and Si–CH3 (C9) of the 
OPSZ molecule were detected in the range of 140–120 ppm and 7–5 
ppm, respectively. Two other peaks at 51.2 ppm and 44.3 ppm, corre-
sponding to –CHO– (C5) and –OCH2– (C6), associated with the epoxy 
ring of GPTMS, were also identified. This demonstrates that epoxy 
groups remain in the Si–O–N network of the modified poly-
organosilazane polymer after the curing procedure. The peak associated 
with the C––O group of the NBTA is not detected due to the drying 
process at 120 ◦C for 2 h that results in the removal of the solvent. 

FESEM images were taken to examine the morphology and cross-
–section of the polyorganosilazane/GPTMS coating on the AA2024–T3 
substrate (labeled as OPSZ/GPTMS coating) after heat treatment at 
120 ◦C for 2 h in air. Fig. 5a shows a smooth, homogeneous, and crack- 
free surface coating. Moreover, the cross-section image (Fig. 5b) shows 
that the OPSZ/GPTMS coating adheres well to the substrate, with a 
coating thickness of approximately 13 μm. The elemental composition of 
the coating and substrate was analysed using EDS mapping of the same 
zone as in the cross-section image (Fig. 5c). The elemental mapping 
corroborated the presence of aluminium in the substrate (yellow) and Si 
in the coating (purple). 

Average surface roughness (Ra) and contact angle measurements 
were carried out on bare and OPSZ/GPTMS coated Al substrates. The 
deposition of the coating significantly decreases the surface roughness, 
Ra (arithmetical mean deviation), from 4.0 ± 0.4 to 0.2 ± 0.6 μm, for 
bare and coated Al substrates, respectively. The contact angle value was 
also measured with water, and values of 93 ± 6◦ for the coated sample 
and 46◦ ± 8 for the bare AA2024-T3 substrate were obtained. The 
deposition of a OPSZ/GPTMS coating results in an increased contact 
angle compared to the bare AA2024-T3 substrate, probably due to the 
presence of Si–CH3 and Si–CH––CH2 groups that do not participate in the 
crosslinking reactions at room temperature (RT) and their low surface 
energy. This is expected to result in higher corrosion resistance. 

Electrochemical studies were performed to analyze the corrosion 
behaviour of the blank and OPSZ/GPTMS coating and to compare it with 
an OPSZ coating obtained without the incorporation of GPTMS. The 
results of potentiodynamic tests are shown in Fig. 6. The anodic and 
cathodic branches shift to lower current densities for both coated sub-
strates, indicating that the corrosion rate is lower than that of the bare 
AA2024-T3 substrate.Furthermore, a broad passive range (ΔE) was 
observed, indicating that the coatings are stable against pitting corro-
sion and spontaneous degradation (Zhang et al., 2005). However, the 
icorr for the OPSZ/GTPMS coated substrate is three order of magnitude 
lower than that of the OPSZ coating. Specifically, the OPSZ/GTPMS 
coating shows an icorr value of ~10− 10 A/cm2 compared to ~10− 7 

A/cm2 for the OPSZ/GPTMS coating, suggesting better corrosion resis-
tance for the OPSZ/GPTMS coating. Overall, these results strongly 
indicate the enhanced corrosion resistance of OPSZ/GPTMS coating. 

The electrochemical impedance spectroscopy technique was used to 
assess the corrosion resistance properties of the OPSZ/GPTMS coating 
during immersion in a 3.5 wt% NaCl solution. Fig. 7a shows the 
impedance spectra of coated and uncoated samples, with impedance 
magnitude (Ohm) plotted against frequency (Hz). 

The impedance modulus |Z| in a low frequency domain (f < 1 Hz) and 
the phase angle graph can be used to estimate the difference in anti- 
corrosive performance between the hybrid coating and the bare Al 
alloy. The impedance modulus value of the coated sample was ~109 Ω 
cm2 in the frequency range <1 Hz, which is about five orders of 
magnitude higher than that of the bare aluminium alloy, ⁓104 Ω cm2 

(Fig. 7a). The capacitive phase angle value of the coating is close to − 90◦

indicating a highly capacitive behaviour during the initial immersion 
period (1 h) and confirming its high–performance in protecting the 
substrate against corrosion (Hintze and Calle, 2006; Nguyen et al., 
2017). To obtain quantitative information on the electrochemical pro-
cesses taking place on the coated metal surface over a longer immersion 

Fig. 3. FTIR spectra of OPSZ + NBTA + TBAF and OPSZ + NBTA + TBAF +
GPTMS after curing at 80 ◦C. 

Fig. 4. 13C MAS NMR spectra of a PSZ + NBTA + TBAF + GPTMS sample after 
curing at 120 ◦C. 
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time, the EIS data were fitted using electrical equivalent circuits (EC), as 
presented in Fig. 7b. In general, these equivalent circuits are based on 
the combination of resistance and capacitance elements that describe 
electrochemical phenomena occurring at the electro-
lyte/(OPSZ/GPTMS) film/metal interface after 1 h, 48 h, and 168 h of 
immersion. Table 1 presents the numerical fitting values obtained for 
the different spectra at different immersion times. The total corrosion 
resistance values (Rp) were calculated as the sum of all the faradaic 
resistances according to the fitted values given in Table 1. 

During the first hour of immersion, the coating appears to act as a 
physical barrier since the Rp value is high (~109 Ω cm2) and a one–time 
constant EC model, corresponding to the resistance and capacitance of 
the OPSZ/GPTMS coating (RSG, CPESG), is sufficient to describe the 
material behaviour. At this point, the low CPE value of about 10− 10 Ω− 1 

cm− 2 sαcoat indicates low water transportation through the film, likely 
due to the hydrophobicity of the coating (contact angle >90◦) which 
restricts the corrosive attack on the substrate. As the immersion time is 
extended to 48 h, the electrolyte penetrates towards the interlinked 
hybrid network, and the Rp value decreases to ~108 Ω cm2 due to the 
formation of pores or channels in the sol-gel derived coating. It is then 
necessary to use a two-time-constant EC model where the first time 
constant represents an outer layer with the presence of pores (Rout and 
CPEout), while the second time constant corresponds to the preserved 
inner layer with high impedance (Rin and CPEin). After a longer period of 
time, 168 h, the percolation of the corrosive electrolyte into the coating 
creates more channels, and the capacitance of the inner layer increases 
from ~10− 9 Ω− 1 cm− 2 sαcoat to ⁓10− 8 Ω− 1 cm− 2 sαcoat and the RP value 
drops to ~10− 9 Ω cm2. Additionally, a third time–constant (Rdl and 
CPEdl) appears to represent the charge transfer resistance and the double 
layer capacitance between the electrolyte and the substrate, indicating a 
failure of the coating. 

Although, the overall protection ability of the coating gradually 

decreases with time due to water and ion permeation, the presence of 
the epoxy group in the film documented by the 13C NMR spectra opens a 
promising new work line in the surface–coating field to obtain a more 
highly cross-linked network through organic polymerization and, thus, 
more efficient corrosion protection for prolonged immersion. 

Fig. 7c and d shows the visual images obtained by a digital camera 
for the OPSZ/GPTMS coated substrate before and after the EIS test in a 
3.5 wt% NaCl solution, respectively. Before the inmersion, a transparent 
and defect-free coating is observed on the AA2024-T3 substrate. How-
ever, after 168 h of immersion in NaCl, a small pitting corrosion is 
detected (Fig. 7d, marked with a dotted circle), corroborating the slight 
decrease of the impedance module at low frequency. Although the 
extent of the corrosion damage is remarkably small. 

The mechanical properties of the film are significantly influenced by 
the cross-linking of the network and by the sintering condition of the 
coating. Fig. 8 shows the change in the friction coefficient (CoF) with the 
sliding distance for the uncoated and coated substrates. The coated 
sample shows a different tendency than the uncoated sample. The initial 
CoF of the coated AA2024 (0.036) is one order of magnitude lower than 
that presented for the uncoated alloy (0.147). This low CoF is attributed 
to the excellent abrasive resistance of the coated sample, which is likely 
due to the presence of Si–N–Si and Si–O–Si backbone of the inorganic 
network. Then, the friction coefficient of the uncoated sample increases 
with distance up to a maximum of 0.5, while in the case of the coated 
sample, it is maintained constant up to a distance of 20 m, indicating 
that the deposition of a coating can prevent the scratching and cutting of 
the surface. In the case of the coated sample, the contact with the 
grinding ball becomes larger, leading to a reduction in the wear resis-
tance properties, which in turn causes an increase in the friction coef-
ficient. However, the coating significantly enhances the wear resistance 
of the uncoated sample, at least up to a sliding distance of 20 m. 

Fig. 9 shows the optical image of the wear track after the scratch test, 
along with the variation of the load and friction coefficient (CoF) as a 
function of sliding distance for the OPSZ/GPTMS coated sample. Two 
critical loads are observed in Fig. 9: the cohesive failure (Lc1), associated 
with the appearance of the first cracks or failures in the coating, and the 
supercritical load (Lc2), associated with the delamination and detach-
ment of the coating from the substrate (Egorkin et al., 2016; Macá et al., 
2019). The film-based bonding force exhibits a gradually increasing 
trend until it reaches Lc1 of 6.3 N and Lc2 of 7.8 N, respectively. This 
indicates that the coating system demonstrates greater coating adhesion 
compared to previous reports (Ló et al., 2015; Sowntharya et al., 2013). 

4. Conclusions 

This study has successfully demonstrated the synthesis of a novel 
formulation of polyorganosilazane/GPTMS sol using tetrabutylammo-
nium fluoride (TBAF) as a catalyst, resulting in a homogeneous and 
crack–free coating on an AA2024 aluminum alloy substrate with a 
thickness of 13 μm. As documented by the ATR-FTIR, the addition of 
TBAF decreases the content of Si–H and Si–NH bonds, favoring the 
formation of new Si–N groups. Further addition of GPTMS to OPSZ +

Fig. 5. FESEM images of the surface (a), cross-sectional image (b), and an EDS analysis (c) of AA2024 alloy coated with a polyorgansilazane/GPTMS coating.  

Fig. 6. Potentiodynamic polarization curves of OPSZ and OPSZ/GPTMS coated 
Al substrates compared to AA2024–T3 in 3.5 wt% NaCl. 
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NBTA + TBAF solution did not change the intensity of the Si–H, N–H, 
and Si–N–Si bands, indicating that GPTMS did not react with the sila-
zane molecule in the liquid state. After curing at 80 ◦C, hydrolysis and 
condensation reactions between Si–H, Si–NH, and Si–OEt bonds are 
promoted, culminating in the development of a cross–linked Si–O–N 
network composed of Si–N–Si and Si–O–Si links. The resulting poly-
organosilazane/GPTMS coatings exhibit favorable mechanical proper-
ties, including excellent adhesion strength to AA2024 and good scratch 
resistance, while also reducing and controlling the corrosion of Al alloys. 
These findings support the potential of polyorganosilazane/GPTMS 
coatings as environmentally friendly barrier coatings for a variety of 
applications. 

This study has provided a foundation for further research to optimize 
the coating process and enhance the performance of these coatings, ul-
timately leading to more sustainable and efficient solutions for pro-
tecting metallic substrates in harsh environments. The potential of 

OPSZ/GPTMS coatings to provide corrosion protection and mechanical 
durability makes them an attractive option for a variety of industrial 
applications. 
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