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Abstract
This study focuses on the synthesis and characterization of Zirconium(IV) Propoxide (ZTP), Colloidal Silica (CS), and
Methyltrimethoxysilane (MTMS)-derived non-stick hard coatings prepared via the sol–gel method. In the synthetic
procedure, two different solutions were prepared separately based on the different hydrolysis rates of the silicon (SolS) and
zirconium (SolZ) components. Polydimethoxysilane (PDMS) and Fluoralkylsilane (FAS) were used as hydrophobicity-
promoting agents. The solution was applied onto aluminum surface, which was afterward dried and densified at 250 °C. The
final solution was characterized by FTIR spectroscopy to determine the Zr–O–Si hetero-bonding and Si–O–Si and Zr–O–Zr
homo-bonding. Coatings were analyzed by their hardness, hydrophobicity, and gloss. A homogeneous solution and crack-
free hybrid coating was obtained. FTIR results showed that homo- and hetero-bonding between Zr and Si elements were
obtained from a precipitation-free solution. Measured contact angles varied between 100° and 112°, and these results were
evaluated according to the surface and gel structure.
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Highlights
● A crack-free, hydrophobic, hard hybrid thin films were synthesized using ZTP, MTMS and CS via sol–gel method.
● ZTP increased the contact angle of the film surface.
● Precipitation-free SolS solution was obtained due to the reactions between methyl groups in MTMS and the colloidal

silica particles.
● PDMS and FAS components further increased the wetting angle of the hybrid film up to a specific ratio.
● FTIR results showed that Zr–O–Si hetero-bonding and Si–O–Si, Zr–O-Zr homo-bonding were obtained as result of the

precipitation-free solution.

1 Introduction

Hybrid coatings are nano-composite materials consisting of
both inorganic and organic components together. They are
often used to decrease or prevent chemical and physical
corrosion of metallic surfaces [1, 2]. Some metallic mate-
rials such as aluminum have a thin protective oxide film
(Al2O3) on the surface that protects against corrosion
deriving from its natural oxidation, but even this can be
corroded under harsh conditions, and this corrosion can
give rise to health problems or economic damages [3, 4]. In
one of the most common examples of this process, alumi-
num contamination can take place from cookware to food
via chemical and/or mechanical means. This contamination
might accumulate in the human body and cause various
health problems [3, 5–7], of which Alzheimer’s disease is
the most commonly known [8, 9]. Hybrid coatings can both
prevent contamination by creating a barrier and provide a
non-stick surface that improves the cooking and cleaning
properties of cookware. This work is based on the synthesis
of hydrophobic cookware coatings.

The sol–gel method is a well-known technique for pro-
ducing bulk glasses, ceramics, aerogels, fibers, nano-
powders and hybrid coatings [10–13]. In particular, hybrid
coatings prepared by this method have many advantages
arising from the combined inorganic and organic structure
[12]. Also, sol–gel coatings adhere well to various material
surfaces such as wood, most metals, glass and polymers
[14–16].

The fundamental process of preparing sol–gel coatings
consists of two basic steps: colloidal solution preparation
and gelation of this solution [17]. The solution is obtained
by mixing metal alkoxide, solvent, catalyst, and water in a
specific order, as detailed in the experimental section.
During mixing, hydrolysis and condensation reactions take
place simultaneously and –Me–O–Me– bonds occur,
accompanied by a catalyst to provide control. This bonding
process is called Gelation [18]. The sol–gel process is very
sensitive to environmental conditions such as the type of
catalyst, pH, temperature, viscosity, and gelation time
[17, 18].

Large number of studies were carried out to investigate
the prevention of aluminum corrosion. Milosev et al. and

Rodič et al. worked on preparing hybrid coatings to serve as
a barrier for corrosion protection of aluminum using zir-
conium(IV) propoxide (ZTP) as a zirconium (Zr) source and
various silicon (Si) sources [19–22].

There are comprehensive descriptions about stabiliza-
tion and hybridization of Zr and Si metal alkoxides
made by Schubert [23, 24]. Also, he studied with car-
boxylic acids (R’COOH) such as acetic acid to tune the
reactivity of transition metal alkoxides such as Zr(OR)4
compounds [24].

Villegas c evaluated the influence of the thermal densi-
fication degree of Zr–Si coatings and determined the main
factors affecting the hydrolytic resistance of the coatings.

Del Monte et al. [25] prepared crack-free films using
TEOS, ZTP, and Titanium(IV). Isopropoxide, and con-
firmed that both Titanium- (Ti) and Zr-based ormosils can
be fabricated with high optical quality.

Regarding the cookware, Jeon and Kim [26] defined a
non-stick ceramic coating composition and process for
cookware using colloidal silica (CS), MTMS, and FAS.

Ugur et al. [27] described a preparation similar to that of
Jeon and Kim, with additional dopants.

Baney et al. [28] prepared an abrasion-resistant hard
coating composition comprising an acidic dispersion of
colloidal titania.

Works on decreasing or blocking corrosion with
zirconium-toughened silicon coatings have been carried
out for other sectors besides cookware. However, there
are no publications regarding CS–metal alkoxide inter-
actions. Besides, most of these works ignore the hydro-
phobicity of the surface, which is very important for the
corrosion protection, because interactions between the
surface and wet environments are affected by surface
tension [29]. Carre et al. [30] describe a process for
preparing a non-stick, abrasion-resistant cookware sur-
face containing zirconium alkoxide and diethox-
ydimethylsilane as the silicon source. Yet, their silane
sources are different from those of this work. In the
present paper, the effect of ZTP on hydrophobic
CS–Methyltrimethoxysilane (MTMS) thin films is eluci-
dated. Metal alkoxides were used as the sources of Zr and
Si. The effect of Zr on the film body was analyzed via
changing the Zr/Si ratio.
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2 Experimental

2.1 Materials

A 3003 series aluminum alloy was used as a substrate.
Before the coating, the surface of the substrate was pre-
treated as described in the following sections.

The following precursors were used as sol–gel starting
materials: MTMS (CH3Si(OCH3)3, 98%, Sigma); CS (30%,
Ludox HS–30, Sigma-Aldrich); Glacial Acetic Acid (Hac:
CH3COOH, 100% anhydrous, Isolab); Zirconium(IV)
propoxide (ZTP: Zr(OCH2CH2CH3)4, 70 wt.% in 1-propa-
nol, Sigma); polydimethylsiloxane (PDMS: average mw
⁓550, viscosity ⁓25 cSt, Sigma-Aldrich); 1H,1H,2H,2H-
perfluorooctyltrimethoxysilane (FAS: C11H13F13O3Si, 97
wt.%, ABCR); distilled water (H2O).

2.2 Preparation of the hybrid coating

Silicon- and zirconium-based solutions were synthesized
separately as SolS and SolZ. SolS was prepared by mixing
MTMS and Hac with a mole ratio of 1:1.064 and stirring at
150 rpm for 15 min, as shown in Fig. 1. Subsequently, CS
was added to the solution by dropwise under stirring. With
the addition of CS, the white milky suspension turned into a
transparent solution and the beaker slightly warmed. The
MTMS/CS ratio was calculated as the dry weight ratios of
MTMS and CS from the CH3SiO3/2 and SiO2 formulations.
This ratio is generally chosen between 40:60 and 60:40 to
obtain a transparent glass body [31–33]. The dry weight
ratios of MTMS and CS investigated were as follows:
CH3SiO3/2:SiO2= 60:40, 50:50, 40:60. In the present work,

the 50:50 composition was chosen after preliminary results
with respect to surface morphology. This solution was
named SolS and left for 45 min under stirring. Meanwhile,
SolZ was prepared by mixing different amounts of ZTP
with Hac, PDMS, and FAS. ZTP and Hac were set with
constant molar ratio: 1:5.7. PDMS was added to the SolZ at
different weight % according to the total weight of the final
sol. The whole recipe is presented in Table 1. ZTP, Hac,
PDMS, and FAS were mixed at 120 rpm for 30 min and
then distilled water added to SolZ by dropwise addition
with the mole ratio of ZTP:H2O= 1:5, followed by stirring
for 10 more minutes. After partial hydrolysis with water, the
cloudy solution turned clear. Subsequently, The SolZ was
added to the SolS by dropwise under stirring. This final
solution was stirred at 300 rpm for 5 h to allow gelation to
occur. All these reactions were performed under acidic
conditions, with pH generally kept under 4.5. The pH of the
blend (Final Sol) was between 3.4 and 3.8. After adding the
chemicals into a 100 ml beaker, the top of the beaker was

Fig. 1 Preparation flowchart of the final solution

Table 1 Theoretical molar ratios of the different components in the
sol–gel hybrid coating, assuming a 100% cross-linking degree

Experiment Zr/Si (mole rate) PDMS
(% mass)

FAS/Zr
(mole rate)

B06 0.06 1.5 –

B12 0.12 1.5 –

B24 0.24 1.5 –

B48 0.48 1.5 –

BP12.3 0.12 3.5 –

BP12.5 0.12 5.5 –
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covered with a paraffin sheet to exclude air during the
reaction.

Three types of experiments were performed: varying the
Zr/Si ratio, varying the PDMS amount, and the effect of
FAS addition. The Zr/Si ratios were chosen as 0.06, 0.12,
0.24, and 0.48. These solutions were named as B06, B12,
B24, and B48, respectively. The amounts of PDMS used
in the experiments were 1.5, 3.5, and 5.5 wt.%. The
solutions with extra PDMS were named as BP12.3 and
BP12.5. The sample with FAS/Zr:0044 mole rate was
named as BF12.1. Before applying the coating, dust, and
oil were removed from the substrate using tri-
chloroethylene or acetylacetone. Then a sandblasting
procedure was applied as described in detail by Jeon and
Kim [26]. The pre-treated substrate was heated between 45
and 65 °C [26, 27]. The gelled blends were applied onto
the pre-treated aluminum surface by the spraying method.
Spraying parameters described by Ugur et al. were used to
obtain homogenous and reproducible surfaces [27]. Coated
samples were dried at 130° for 7 min, and densified at
250 °C for 15 min. Film thicknesses were kept between 30
and 35 µm. Each solution was applied onto three substrates
to obtain the standard thickness and confirm the other
surface properties.

2.3 Characterization

The bonding types in the chosen solutions was identified
using a Perkin Elmer Fourier-transform infrared (FTIR)
spectrometer in the wavelength range between 400 and
4000 cm−1. The fundamental process that occurs in making
the gel is attributed to the bonding between Si–O–Si,
Zr–O–Si, and Zr–O–Zr. Hardness was measured using a
Pencil Hardness apparatus according to the ISO 15184:2020
Standard. Koh-i-Noor Hardtmuth brand pencils are used
with hardness from 8B to 10H. Hardness evaluation is one
of the most important aims of this work, since the hardness
reflects the efficiency and the strength of the bonding and
the curing. Also, it is related to the lifespan and durability of
the surface. Another important parameter in this work is the
contact angle. Measuring the contact angle of a drop on the
sample surface is the most practical way to characterize the
surface tension between solid–vapor and solid–liquid pha-
ses [34]. The contact angle meter measures the surface
tension against liquid according to the static method of the
ISO 19403-2:2020 standard. Contact angle of an uncoated
aluminum substrate was also measured to evaluate the effect
of the coating. The OneAttension program was used for the
measurement. Contact angles were determined by taking the
average of the contact angles measured from five different
positions of each sample.

Surface refractivity was probed by a TQC Sheen
Polygloss glossmeter. Finally, the cross-cut test was

applied for each sample to inspect the adherence level of
films, with values ranging from 0 to 5 according to ISO
2409:2013 standard.

Fig. 2 a FTIR spectra of SolS solution with its components. b FTIR
spectra of hydrolyzed MTMS+Hac solution with CS to determine
whether new bonds are formed
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3 Results and discussion

3.1 FTIR analysis

The nature of the bonding in SolS, SolZ, and the Final Sols
was characterized by FTIR analysis. The partial gelation in
both solutions can be observed in the spectra. Gelation in
this work is defined as the formation of a continuous net-
work made of Si–O–Si, Zr–O–Zr homo-condensation and
Si–O–Zr hetero-condensation. Efficient gelation can be
tracked by the presence and intensity of the corresponding
bands. For all scans performed in this work, there were two
kinds of spectra investigated in the region over 1755 cm−1.
Figure 2a depicts the synthesis of SolS by hydrolysis and
condensation under acidic conditions. The broad band
around 3360 cm−1 corresponds to stretching of various –OH
groups in Fig. 2a [35]. Sharp bands at 2950 and 2840 cm−1

correspond to C–H stretches [36].
SolS has three components: MTMS, Hac, and CS. The

most intense IR bands in MTMS are those at 1260, 1190,
1076, 835, 790, and 737 cm−1 as seen in Fig. 2b.

Another component, Hac, has characteristic absorbance
bands at 1756, 1711, 1292 cm−1. After stabilization of
MTMS with Hac, CS was added dropwise to the solution.
The solution was turned milky white for 5 s, and then
became transparent again. The heat generated in this part of
the reaction is a sign of the presence of an exothermic
reaction. As a result, new bands appeared at 1115, 1018, and
914 cm−1 which corresponded to the Si–O–Si and Si–OH
bonds [37]. In addition, important reductions were observed
at 1190, 1078 and 839 cm−1 corresponding to Si–C, Si–O
and Si–O–C bonds as demonstrate at Fig. 2a [33].

The hydrolysis of MTMS must have triggered con-
densation reactions. These two reactions generally occur
simultaneously [18]. This means that if there is hydrolysis in
some area, condensation will occur under acidic conditions.

The hydrolysis reaction mechanism can be seen in Fig. 3a,
and then alcoxolation (c) and oxalation (b) condensation

reactions take place. Most of the hydrolysis and con-
densation reactions occurred after the addition of CS
because of the 70 wt.% water in the CS. Thus, MTMS
became attached to the SiO2 particles and condensed to
form a siloxane network, and the SiO2 ceramic particles
entered the amorphous organic matrix as represented in Fig.
4. Also, hydrolyzed metal alkoxides provide a means for
chemical bonding to the aluminum surface [38, 39].

The protective alumina film on aluminum is a semi-
conductor and the wet acidic solution causes activation and
hydrolysis of the Al2O3 surface [40, 41]. Hence, chemical
bonding occurs between the alumina surface and thin film,
as shown in Fig. 4. Figure 4 represents the film, the sub-
strate and the interface bonding structure according to var-
ious references [12, 26, 33, 41–44].

In addition, the sandblasting process carried out before
applying the solution to the surface increases the surface
area of the aluminum and provides extra mechanical hold-
ing force. As a result of both types of bonding, a strong
adhesion mechanism takes place between the thin film and
the alumina surface.

Figure 5 shows the IR spectrum of SolZ. Because of the
reactivity of ZTP, SolZ tends to undergo rapid condensa-
tion. For this reason, the metallic center of ZTP was che-
lated with Hac. The characteristic IR bands of ZTP are at
1071, 1128, and 1155 cm−1. Three new bands at 1451,
1554, and 1236 cm−1 appeared in the ZTP+Hac mixture
that were not observed in the ZTP and Hac raw materials, as
seen at Fig. 5a. Therefore, these bonds are attributable to a
new compound formed during the reaction between ZTP
and Hac [21].

Zr OPrð Þ4 þ 4AcOH ! Zr OAcð Þn OPrð Þ4�n þ nPrOH ð1Þ

Zr OAcð Þn OPrð Þ4�n þ xH2O ! Zr OAcð Þn�x OPrð Þ4�n OHð Þx þ xAcOH

ð2aÞ
ZrðOAcÞ4�nðOPrÞn þ xH2O ! ZrðOAcÞ4�nðOPrÞn�xðOHÞx þ xPrOH

ð2bÞ
Zr OAcð Þn�1 OPrð Þ4�n OHð Þ þ Zr OAcð Þn OPrð Þ4�n

! PrOð Þ4�n AcOð Þn�1Zr � OZr OAcð Þn�1 OPrð Þ4�n þAcOH

ð3Þ

It has been reported that the bands at 1236 and 1554 cm−1

correspond to the asymmetric stretch of the carbonyl group
attached to the Zr ions, which can be represented as ZTP-
AcOH (Eq. 1) [21, 25]. The band at 1236 cm−1 in the
ZTP–Hac mixture shifted to 1266 cm−1 after hydrolysis
(Eqs. 2a, 2b). Also, the 1451 cm−1 band is attributable to the
compound Zr(OAc)4 [21]. While these bands increase, 1138
and 1451 cm−1 bands decrease and/or disappear. Evidence

Fig. 3 Hydrolysis and condensation reactions of MTMS. Hydrolysis
(a), water condensation (b), alcohol condensation (c)
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of the hydrolysis of ZTP can be seen from changes in the
ZTP bands at Fig. 5b.

The band at 1128 cm−1 can be assigned to Zr–O–C [21].
This band shifted to 1138 cm−1 and decreased after mixing
with Hac. After the hydrolyis with H2O, this band almost
disappeared, as seen in Fig. 5b. This hydrolysis could cause
condensation reactions in the presence of acetic acid (Eq. 3)
[24]. The band at 1155 cm−1 also disappeared or became
overlapped by the 1138 cm−1 band in the MTMS-Hac
solution. In SolZ, experiments with and without PDMS did
not show new bands as presented in Fig. 6a.

On the other hand, in the SolZ spectrum of BF12.1 in
Fig. 6b, there was a new band that was not due to FAS. A
small band at 1160 cm−1 is attributable to Si–O–Si and/or
Si–O–Zr bonds [22].

Figure 7(a) displays the FTIR spectra of samples B06,
B12, B24, and B48 that consist different Zr/Si ratios. Minor
changes are detected in the region of 1600–900 cm−1. An
increase in intensity at 1554 cm−1 band is observed by
increasing the Zr/Si ratio related to ZTP–Hac complex as
pointed out before. Bands at 1070 and 1050 cm−1 are
assigned to ZTP. Also the bands at 960 cm−1 corresponds to
Si–OH/ and/or Si–O–Zr bonds [19, 37]. Figure 7b shows
the FTIR comparison of the B12 composition and its
components, SolS and SolZ. As a result of detailed inves-
tigations, it was observed that the B12 mixture did not
create a new band different from the components of the
FTIR bands, overlapped with another large band, if any, or
could not be detected by the device.

ZTP chelated with Hac, so that the metallic centers of
ZTP remained stable. This means that uncontrollable rapid
condensation was blocked. The absence of bands related to
ZrO2 precipitation in the FTIR results in the region around
500 cm−1 can be considered as a proof of the efficiency of
metallic center stabilization and control of condensation

[45, 46]. Also, there are no new bands in that area different
from ZTP bands after the chelating and hydrolysis pro-
cesses. The high rate of hydrolysis was proved by the IR
analysis. In addition to these results, an exothermic reaction
occurred after mixing the ZTP, PDMS, and Hac. From these
findings, the presence of homo-condensation (Zr–O–Zr) and
hetero-condensation (Zr–O–Si) products of ZTP can be
deduced [18, 23, 25, 37] (see discussions).

3.2 Water contact angle analysis

The optical images of water drop on coated and uncoated
aluminum were exhibited in Fig. 8. Also, for clear com-
parison, a graph of the results is shown in Fig. 9. Three
types of comparison are made in the same graph. The first
solid line shows the results of tests with varying Zr/Si. It is
clear that surface tension increases with the increase in the
amount of zirconium. For a 100% increase in the Zr/Si ratio
from 0.12 to 0.24, hydrophobicity degree rises about 2%.
When the Zr/Si ratio was chosen as 0.48, the contact angle
measured as 112°, with a 12% rise. Contact angle increase
can be attributed to the changes in surface chemistry and/or
changes in surface roughness.

As the Zr/Si ratio increases, the number of –CH methyl
groups also increase due to the amount of organic matter in
the structure. The increase of surface tension can be attri-
butable to the increase in the number of these –CH groups.
Next, BP12.3 and BP12.5 experiments were conducted by
adding extra PDMS to the B12 formula. Thus, the three
samples contain 1.5, 3.5, and 5.5 wt.%. PDMS. The rest of
the sample formulation was kept same. Considering the
contact angle results, BP12.3 was determined to be more
hydrophobic than B12. PDMS, which enters the film body
structure increases the hydrophobicity due to the high
amount of methyl groups it contains [47, 48]. PDMS

Fig. 4 Schematic representation of film structure and interface between substrate and film
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addition of 2% with respect to the total mass resulted a
hydrophobicity increase of 7.8%. However, in BP12.5,
which has the highest PDMS ratio, the contact angle

decreased by 5% compared to BP12.3. Examining the
behavior of the solution during the experiment contributed
greatly to our understanding of the reason for this decrease.
While SolZ solutions of B12 and BP12.3 were homo-
geneous, BP12.5 became a heterogeneous emulsion and
undissolved oil (PDMS) particles were observed on the
surface of the solution. This suggests that there is a critical
saturation rate for SolZ solution with respect to PDMS, and
this rate is between 3.5. and 5.5 wt.%. For higher con-
centrations, PDMS passes the saturation point and separates
from the SolZ by coalescing with other unreacted PDMS
molecules.

Last, the FAS compound was added to the BF12
experiment such that FAS / Zr= 0.044. FAS supposed to
reduce surface tension due to the fluorinated groups it
contains [49]. As can be seen in Figs. 8 and 9, the
hydrophobicity of the FAS-containing structure increased
by about 5%. It was proved in a previous study that the
fluorine/silicon(F/Si) ratio has an effect on hydro-
phobicity [50]. According to Izumi et al., as the F/Si ratio
increases, the water repellency increases. It is notable
that, in this work, the FAS composition was chosen as
F/Si= 13.

Fig. 5 a FTIR spectra of ZTP+Hac solution with its components, to
observe bonds between ZTP and Hac. b FTIR spectra of SolZ, PDMS,
H2O, and ZTP+Hac sol to determine if new bonds are formed

Fig. 6 a FTIR spectra of SolZ with and without PDMS to see if PDMS
forms bonds with ZTP. b FTIR spectra of SolZ with and without FAS
to determine if new bonds are formed
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3.3 Physical and mechanical properties

The hardness and the adherence of hydrophobic glass-
ceramic thin films were represented in Table 2. The
reflectivity (gloss) measurement results of coatings was

demonstrated in Fig. 10. According to the test results, the
sample with the lowest Zr/Si ratio (B06) provided the
highest reflectivity as 30°. When the Zr/Si ratio was esca-
lated to 0.12, the gloss decreased by 53% (to the 14°) as
seen in Fig. 10. Also, even a 100% increase in the Zr/Si
ratio from 0.12 to 0.24, the gloss decreased only 14%.
When 3.5 wt.% PDMS is added to the base solution
(BP12.3), the gloss increased from 14° to 24°. Further
increasing the PDMS ratio to 5.5 wt.%, increased the
reflectivity from 14° to 17° only. We assume that exceeding
the threshold value PDMS coalesces to form a separate
phase. Gloss meter measures the reflected light from the
surface. The most important parameter that prevents
reflection is the surface roughness [51]. Based on this, the
surface roughness increases with an increase in the Zr/Si
ratio, and an anti-reflective surface is formed. The rough-
ness decreases up to a certain wt.% in PDMS, and then
increases. Since the gloss value of the BF12 trial is the same
as B12, it can be concluded that the presence of the FAS
compound has no effect on surface gloss in this experiment.

Hardness is one of the most important parameters for the
durability of protective coatings. B12 and BF12 specimens
exhibited the highest hardness (9H) compared to other
samples. As stated in the standard, the 9H pencil did not
leave any permanent marks on these coatings but 10H
pencil creates a plastic deformation on the film. After the
B12 specimen, as Zr/Si increases, the hardness decreases
rapidly to F. In the B06 coating, the hardness was obtained
as H. The B06 specimen was the coating containing the
highest inorganic/organic fraction, having the most solid

Fig. 7 a FTIR spectra of B06, B12, B24, and B48 to demonstrate
effect of increase in Zr/Si ration on bond intensities. b FTIR spectra of
SolZ, SolS, and B12

Fig. 8 Optical images of water drops of uncoated (aluminum) substrate
and coated specimens (B06, B12, B24, B48, BP12.3, BP12.5, BF12)
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SiO2 crystals. The cross-linking degree in B06 may not be
as high as in B12 and B24, because the structural strength of
the coating increases due to the efficiency of hydrolysis and
condensation reactions in sol–gel films [52]. In other words,
SiO2 solid particles in the B06 structure may have prevented
the conversion of Si–O–Si, Si–O–Zr, and Zr–O–Zr bonds.

Actually, CS nanoparticles have highly reactive silanol
groups that may promote highly branched covalently

bonded siloxane networks [33]. Therefore, as the fraction of
inorganic (SiO2)/organic (MTMS+ ZTP) in a sol–gel
hybrid coating decreases, the structural durability decreases.
Zr/Si= 0.12 ratio provides the best inorganic/organic ratio
for the structural durability. In the PDMS tests, the BP12.3
experiment with 3.5 wt.% PDMS reached 4H and BP12.5
reached H hardness with 5.5 wt.% PDMS. When we com-
pare these results with the result of B12, it can be clearly
seen that the hardness decreases with increasing PDMS
amount. This result is not surprising, because the PDMS is
known as a soft hydrophobic additive [53]. This softening
reduces stress in the thin film structure, preventing cracks
[54]. Thus, the optimum PDMS ratio for synthesizing both a
crack-free and hard coating was determined as the
B12 sample with 1.5 wt.% PDMS.

According to the results of the adhesion test, all sol–gel
hybrid coatings showed very good adhesion performance
with the aluminum substrate. All coatings were in class 0
according to the ISO 2409:2013 standard, owing to efficient
hydrolyzation of the metal alkoxides. Metal alkoxides are
generally very reactive materials, especially against moist-
ure. Even the moisture in the air can interact with metal
alkoxides and cause precipitation. Zirconium alkoxides and
silicon alkoxides have different reactivities; hence, their
condensation and hydrolysis rates are different [55, 56].

ZTP generally reacts faster than MTMS. When both of
these materials are mixed, heterogeneous clusters will be
observed in the body [19, 43, 55]. Thus, two different
solutions were prepared based on Si and Zr and these
solutions were partly gelled for different lengths of time to
overcome the activation difference problem. For the silicon-
based solution, MTMS organoalkoxysilane was chosen as
the silicon alkoxide because its water repellant nature
derives from its methyl groups [57]. On the other hand, the
OH groups on the surface of CS particles react with those
methyl groups in MTMS. So, CS particles enter the struc-
ture due to this surface reaction [26]. Also, MTMS can
undergo a condensation reaction with itself [58].
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Table 2 Physical and mechanical properties of coatings

Sample Pencil
hardness

Cross cut

B06 H 0

B12 9H 0

B24 2H 0

B48 F 0
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Fig. 10 Reflectivity (gloss) measurement results of samples
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On the other hand, these hydrolysis and polymerization
reactions generate alcohol as a by-product. Therefore, add-
ing an extra solvent is unnecessary if the viscosity of the gel
is low enough for efficient mixing. In the zirconium-based
solution, a chelating agent must be used to prevent rapid
condensation and stabilize the metallic center [55]. Acetic
acid (Hac) is a good controllable acid for both solutions [26].
At the same time, acids can be used as a catalyst. The
hydrophobic properties of OH-terminated PDMS are very
high. Also it provides flexibility to the coating and reduces
the cracking, which is critical for obtaining good mechanical
properties [26, 27]. Cracks in the film body could be a result
of the hard inorganic network causing stress accumulation,
which could cause cracks in the film body [20, 21]. At this
point, the organic matrix in the hybrid coating gives flex-
ibility to the film body so the stress will not accumulate, and
the cracking will be reduced [22–24].

4 Conclusion

A crack-free, hydrophobic, hard thin films were synthesized
using ZTP, MTMS, and CS via the sol–gel method.
Approximately 30-µm-thick films were applied onto a
3003 series aluminum substrate. FTIR results showed that
Zr–O–Si hetero bonding and Si–O–Si, Zr–O–Zr homo
bonding were obtained as result of the precipitation-free
solution. Addition of the FAS agent only increased the
wetting angle by about 5%. The purpose of use will
determine whether the benefit of this improvement is worth
the cost. On the other hand, the low-temperature curable
structure makes current procedure an eco-friendly method.
Despite densification temperatures as low as 250 °C, the
inorganic network in the film body provides a relatively
hard structure. This adhesive and hard surface resists
scratches and keeps the film body stable. Also, the ratio
between the MTMS and the SiO2 nanoparticles is another
critical parameter in producing transparent, crack-free and
hard films.

Based on this study, it was shown that an increase in the
non-stick and surface hardness properties can be trans-
ferred to strengthen the cookware coating and other anti-
corrosive coating formulations. Achieving a desirable
gloss change can also be applicable for the field of anti-
reflective films.
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