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ABSTRACT 

In this work, the wettability of the galvannealed surface pretreated with the hybrid silane APTES/GPTMS 

film was measured by sessile drop method. The coatings were applied on the substrate from dip-coating 

method and dried in an oven. The study followed an experimental factorial design, 3³, with contact angle as 

response. The corrosion resistance was evaluated by electrochemical techniques and the surface morphology 

was characterized by scanning electron microscopy. The wettability results showed the best condition for 

galvannealed steel pretreated with the hybrid silane film for 2:1 APTES:GPTMS ratio, 2% silane concentra-

tion and 150 min of hydrolysis time, because the result may be related to a higher rate of hydrolysis of the 

silanes that is influenced by both the functional group present and by the type and number of hydrolyzed 

groups, resulting consequently in a higher availability of silanol groups in solution, promoting a greater 

crosslinking of the film on the metallic substrate. 

Keywords: hybrid silane, corrosion, galvannealed  steel, pretreatment, wettability. 

1. INTRODUCTION 

The automobile industry, by requiring strict quality criteria, has increasingly used the galvannealed steel, 

because it presents better corrosion resistance than carbon steel [1].
 
The total "galvannealed" coating thick-

ness ranges between 6 µm and 11 µm. The coating is uneven and cracked, consisting of a columnar grain 

tangle growing from the inner to the surface [2,3]. 

The galvannealed steel is a product of the heat treated galvanized sheet, in other words, steel coated 

with zinc after heat treatment. The galvanizing process is carried out at high temperatures in any type of steel, 

being subjected to a heat treatment in melt zinc baths for the formation of protective coating. The post-

treatment conditions on the zinc coated steel, depend of the substrate future use and must be carefully select-

ed, since heat treatments at high temperatures can modify the metal structure and properties [4]. 

The process of galvanizing involves a complexity of phenomena such as the formation of intermetallic 

phases (Eta-η, Zeta-ς, Delta-δ and Gama-Γ respectively the outermost to innermost) in the solid/liquid inter-

face and diffusion phase transformations in the solid state. These intermetallic phases have free enthalpy of 

formation and free energy of formation values very close to each other. The phase growth depends on the 

temperature and time of thermal treatment, besides on the metal element added to the bath, such as aluminum 

[5,6]. 

"Galvanneal" coating microstructure shows pores in the Zeta phase (ς) which growth during the heat 

treatment process and its porosity allows the entrance of electrolyte and the precipitation of the corrosion 

products [7].
 
In order to minimize these electrolyte entrance and thereby reduce the corrosive effect on metal, 
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a hybrid coating based on silanes APTES [(3-Aminopropyl)triethoxysilane] and GPTMS [(3-

Glicidoxypropyl)trimethoxysilane] was applied on the galvannealed steel. 

The silanes have organic and inorganic chemical properties, hence the name organic-inorganic hy-

brids, which combine the best properties of inorganic compounds as thermal and chemical stability, with the 

best properties of organic polymers such as processability and flexibility [8].
 
The silanes are environmentally 

friendly; therefore, they are used in the paint industry as a coupling agent between different interfaces and 

also in pre-treatment of metallic surfaces against corrosion. 

The silane film can be applied over many metal alloys previously treated in alkaline solution, by im-

mersing the metal for a few minutes in a dilute solution of silane (no more than 10% of silane) followed by a 

cure at temperatures between 80-150ºC [9-11].
 
Curing is applied to improve the cross-linking of the film due 

to formation of covalent bonds [11].
 

The silane pretreatment have the advantage of forming thin films, being few hundredths of microme-

ters thick but sufficient to provide good corrosion resistance. A good quality silane film must provide cova-

lent bonds as SiOMetal and SiOSi (siloxanes), forming a homogeneous film without porosity, stable to the 

atmosphere and presenting many functional groups to bind the subsequent polymeric layer [13]. 

The formation of the silane film starts from the hydrolysis and condensation reactions of the precursor 

silanes. These reactions occur simultaneously and are opposed to each other, whose rate of reaction is direct-

ly influenced by solution pH. They occur in acid aqueous solutions being the hydrolysis faster than the con-

densation at such acidic conditions for most of silanes [14,15]. 

In the hydrolysis reaction the hydrolysable alkoxy groups such as methoxy (-OCH3) and ethoxy (-

OCH2CH3) react with water to form the silanol (SiOH) which is responsible for adsorption and anchoring in 

the wet (alkali activated) metal surface. On the other hand,  in condensation reaction the silanol will react 

itself to form larger molecules, causing a slow polymerization that forms a siloxane compound (SiOSi)n, 

which may precipitate on the metal surface forming the protective film or in solution, damaging the quality of 

the future film to be formed [16,17].
 

The hydrolysis rate of a silane molecule is influenced by its functional group as the type and number 

of hydrolysable groups. The hydrolysis rate is high for small hydrolysable alkoxy group. Silanes highly hy-

drophobic that need larger amounts of ethanol in the solution hydrolyze more slowly. The hydrolysis reaction 

rate is related to the steric effect of the alkoxy group [18]. 

The silane films are protective for substrates in which are deposited and so they can form a hydropho-

bic barrier that reduce the diffusion rate of water and/or electrolyte ions to the metal surface. The silanes hy-

drophobicity depends on the chemical functional group present in its chain [19,20]. The hydrophobic charac-

ter of the film can be attributed to contact angles equal or higher than 90º. However, when the silane film is 

immersed in water or some electrolyte, the contact angle can decrease due to not stable siloxane groups (Si-

OSi) or to the presence of free silanols groups (SiOH) which are hydrophilic [21,22]. 

APTES is an organofunctional monosilane in which one side of the structure is supplied with an active 

group, such as amino and vinyl, which can react with synthetic resin molecules such as epoxy, phenolic, pol-

yester; while in the other side it has an alkoxy group. These groups can react with the hydroxyl groups on the 

surface of the substrate and generate reactive silicon alcohol in the presence of water (aqueous solution) or 

air. APTES has been used as a coupling agent for over than 40 years. In addition, it can also be used in the 

production of plastic reinforced with fiber glass, cotton fiberglass and mineral cotton in order to improve its 

mechanical strength and resistance to moist environment moreover to increase the compressive strength 

when added to the phenolic resin binder. It can be used in dental adhesive and to improve the wettability and 

dispersion of polymer fillers. It also can be used to the immobilized enzyme attached to the surface of glass 

substrate, to sand control in oil well drilling, to prevent sand from drilling, to brick surface with hydrophobic, 

to make the fluorescent lamp coating have high surface resistance, and to improve the moisture absorption 

properties of organic matter on the surface of glass in the medium of liquid chromatography. It is a catalyst in 

the platinum by the chloroform and alkene with the active group and then obtained by alcoholysis. They can 

also be used in surface conditioning to obtain devices with reproducible electrical characteristics for molecu-

lar detection applications, functionalized as reference devices for biological chemical sensors [23-25]. 

Currently, there is no clear standard characterization relative to APTES films wetting properties. Ac-

cording to current knowledge of the wettability of the APTES there are at least three factors that can influ-

ence. The first is surface hydrogen bonds formed between the droplets of water molecules and amino acid 

groups present in APTES surface. The second is that the APTES has a rough surface, based on AFM obser-

vation [23,26]. This roughness can cause additional surface forces to suppress the contraction of the three-

phase contact line [23,26]. Third, studies have shown that the APTES film is not well organized and its struc-
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ture is not compact [25,27,28]. Some authors reported that water molecules can penetrate even into a dense 

organic layer if the hydrophobic chains are too short, which can induce deformation of the organic layer and 

result in additional force on the sample [29,30]. When a drop enters in contact with a "virgin" surface for the 

first time, a short period of time could be necessary to get balance between the drop and the surface. Due to 

the influence of surface hydrogen bonding, surface roughness, water penetration effects, the droplet profile in 

the three-phase contact line can be deviated from the mass drop profile, and the authenticity of the angles 

calculated by various methods could be questionable. [23].  

GPTMS is a bifunctional organosilane with three methoxy groups on one side of the structure and one 

epoxy group on the other side. Like other organosilanes, GPTMS is easily hydrolyzable, and methoxy groups 

are substituted by hydroxyl groups to form a trisilanol [31]. They have been widely studied as coupling 

agents in multi-walled carbon nanotubes and polymer nanocomposites to improve the mechanical properties, 

especially the increase in elasticity modulus and flexure, wear and thermal resistance, with increasing glass 

transition temperature (Tg) of the matrix [32,33]. The GPTMS silane is used to functionalize carbon nano-

tubes with multiple walls for the reinforcement of epoxy matrix, with the advantage that the presence of the 

epoxy in its structure favors the physical interaction between the GPTMS nanotubes and the epoxy groups of 

the resin and there is the possibility of a chemical bond between the GPTMS nanotubes and the hardener, 

thus that is woven throughout the network of polymer chains [31,34]. GPTMS is also used to optimize as 

well as to ensure compatibility with epoxy resin [35]. Another use of GPTMS is in conducting polymers, in 

order to achieve stability in polar solvents, it is typically used for Poly (3,4- Ethylenedioxythiophene) doped 

with poly (styrene sulfonate), avoiding dissolution and delamination, but also the excess could lead to reduce 

load mobility, reduction conductivity [36,37].The surface wettability reflects the affinity of the surface with 

water and the measurements of its angles are performed to determine the wetting properties of the film. Thus, 

on the wettability of the GPTMS, the epoxide ring opening reaction, which is catalyzed by acid. For example, 

phosphonic acid may form diols, alcoholic alkoxy and polyether products. The diols add hydrophilicity to the 

silica surface due to their high hydroxyl content [37-39]. 

This work aims to analyze the surface wettability of the APTES/GPTMS hybrid silane film as pre-

treatment on galvannealed steel in order to improve this anticorrosive surface treatment. The experiments 

were planned based on a factorial experimental design, 3³, with the contact angle as response. The three stud-

ied variables were: ratio of APTES:GPTMS (1:2, 1:1 e 2:1), concentration of silanes (2%, 4% e 6% volume 

%) and time of hydrolysis (30 min, 90 min e 150 min) at three levels. The validation of the experimental de-

sign was evaluated by statistical analysis. The morphological surface characterization was carried out by 

scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The corrosion resistance 

was evaluated by electrochemical techniques, as open circuit potential (OCP) and electrochemical impedance 

spectroscopy (EIS). 

 

2. EXPERIMENTAL  

The research was conducted using a factorial experimental design, 3³, with three variables at three levels as 

presented in Table 1. 

 
Table 1: Experimental Factorial design 3³. 

Variables  Levels 

Independent Variables  L1(-1) L2(0) L3(+1) 

Ratio of (APTES:GPTMS) (V1) 1:2 1:1 2:1 

Silane concentration (volume %) (V2) 2% 4% 6% 

Hydrolysis time (V3) 30 min 90 min 150 min 

 

The development of the factorial experimental design was carried out according to the variables pre-

sented in Table 2. 

 

Table 2: Matrix of experiments for the 33 design with three independent variables at three levels. 

Samples (S) V1 V2 V3 

SBlank ----- ----- ----- ----- ----- ----- 

S01 1:2 (-1) 2% (-1) 30 min (-1) 
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S02 1:1 (0) 2% (-1) 30 min (-1) 

S03 2:1 (+1) 2% (-1) 30 min (-1) 

S04 1:2 (-1) 4% (0) 30 min (-1) 

S05 1:1 (0) 4% (0) 30 min (-1) 

S06 2:1 (+1) 4% (0) 30 min (-1) 

S07 1:2 (-1) 6% (+1) 30 min (-1) 

S08 1:1 (0) 6% (+1) 30 min (-1) 

S09 2:1 (+1) 6% (+1) 30 min (-1) 

S10 1:2 (-1) 2% (-1) 90 min (0) 

S11 1:1 (0) 2% (-1) 90 min (0) 

S12 2:1 (+1) 2% (-1) 90 min (0) 

S13 1:2 (-1) 4% (0) 90 min (0) 

S14 1:1 (0) 4% (0) 90 min (0) 

S15 2:1 (+1) 4% (0) 90 min (0) 

S16 1:2 (-1) 6% (+1) 90 min (0) 

S17 1:1 (0) 6% (+1) 90 min (0) 

S18 2:1 (+1) 6% (+1) 90 min (0) 

S19 1:2 (-1) 2% (-1) 150 min (+1) 

S20 1:1 (0) 2% (-1) 150 min (+1) 

S21 2:1 (+1) 2% (-1) 150 min (+1) 

S22 1:2 (-1) 4% (0) 150 min (+1) 

S23 1:1 (0) 4% (0) 150 min (+1) 

S24 2:1 (+1) 4% (0) 150 min (+1) 

S25 1:2 (-1) 6% (+1) 150 min (+1) 

S26 1:1 (0) 6% (+1) 150 min (+1) 

S27 2:1 (+1) 6% (+1) 150 min (+1) 

 

The organosilanes APTES [(3-aminopropyl)triethoxysilane] (putity ≥ 98%) and GPTMS [(3-

Glycidyloxypropyl)trimethoxysilane] (putity ≥ 98%) were obtained from Sigma-Aldrich and their molecular 

structure are presented in Figure 1. 

 

 



SOUZA, K.G.S.; COTTING, F.; AOKI, I.V., et al. revista Matéria, v.25, n.2, 2020 

 
Figure 1:  Molecular structure of silanes. Supplier Sigma-Aldrich. 

 

2.1 Samples preparation 

The galvannealed steel was supplied by Usiminas (the chemical composition of galvannealed, according 

USIMINAS,  in weight % is approximately 0.003 C, 0.2 Mn, 0.009 S, 0.008 P, 0.05 Si, 0.029 Al, 0.012 Ti, 

0.0022 N, 90 Zn and 10 Fe. The galvanneal coatings contain 9-12% bulk Fe, with between 0.20 and 0.50% 

bulk Al). The samples were cut in dimensions of 25 x 25 x 0.9 mm. The samples were manually cleaned us-

ing ethanol, washed with distilled water and dried with hot air. After that, the samples were immersed in ace-

tone and submitted to an ultrasound bath for 10 min, washed with distilled water and dried.  Then the sam-

ples were degreased in alkaline degreaser N667 Saloclean (5% aqueous solution) for 10 min at 55ºC to create 

OH groups in the metal’s surface and then washed in distilled water and dried. 

 

2.2 Silanes solution 

A solvent composed of distilled water and ethanol (50% / 50% v/v) was prepared and its pH = 4 was adjusted 

with glacial acetic acid because it does not interfere directly in the hydrolysis for being a weak acid and high 

volatility [40,41].
 
At this pH the hydrolysis rate is high and the condensation is minimal, resulting in a solu-

tion rich in silanols (Si-OH) which are the agents responsible for adhesion to the metal substrate [9,42]. 

The APTES silane was added to the solvent solution, under stirring, followed by addition of GPTMS silane. 

The total volume of both silanes corresponds to the desired volume % in relation to the total solution volume. 

The silane concentration and hydrolysis time are reported in Table 2. The hydrolysis was conducted under 

stirring at room temperature. 

 

2.3 Deposition of hybrid silane film (silanization) and its cure 

After hydrolysis of silanes, the metallic samples were immersed in the hydrolyzed solution and maintained 

for 25 min by a dip-coating process manually immersed controlled , under low stirring, at room temperature. 

The long immersion time of galvannealed steel in the hydrolyzed solution is necessary to the formation of a 

compact and homogeneous silane film due to the natural porous surface of the galvannealed, which results 

from thermal treatment of the zinc coating [19].
 
After the silanization process, the samples were cured for 60 

min at 150 °C in an oven. 

 

2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) 

The morphology of galvannealed steel surface with and without silane film was analyzed by SEM - operated 

at 5 kV with secondary electrons - and EDS in Quanta 250F microscope. The samples with and without pre-

treatment were analyzed before and after 24 h of immersion in 0.1 mol/L NaCl. Before SEM analysis the 

samples were dried at room temperature.  All the samples were gold coated by an automatic sputter-coated.  

 

2.5 Contact Angle Measurement (Wettability Test) 

The contact angle measurements were performed in the DataPhysics OCA 15plus equipment with SCA20 

software at 18 °C. The measurements were performed through the sessile drop method. The equipment was 

calibrated by measuring the surface tension of water/air. There were performed three contact angle measure-

ments for each sample treated and untreated. The measurements were performed in the center of each sample. 

The contact angle values were registered 10 seconds after depositing a drop of deionized water, with a vol-

ume of approximately 12 µL, on the samples surface. 
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2.6 Electrochemical Tests 

Electrochemical tests were acquired in the AUTOLAB PGSTAT302N model potentiostat and data were ac-

quired by NOVA 1.11 software. For the electrochemical data treatment Microcal® Origin® 8.0 software 

were used. 

The electrochemical measurements were performed in electrochemical cell with three electrodes with 

AgAgCl|KClsat as reference electrode, titanium (Ti) wire coated with rhodium (Rh) as auxiliary electrode 

and galvannealed steel with exposed area of 1 cm² as working electrode. The electrolyte used was an aqueous 

solution 0.1 mol/L
 
NaCl. The electrochemical tests were performed in aerated and unstirred electrolyte. The 

electrochemical impedance spectroscopy (EIS) measurements were acquired at the open circuit potential 

(OCP) after 90 min of stabilization, from 100 kHz to 10 mHz, with 10 points per frequency decade using a 

potential perturbation amplitude of 10 mV (rms). The linear polarization resistances (Rp) were acquired sub-

sequently to EIS measurements, from ±20 mV vs OCP at scan rate of 0.167 mV s
-1

. The potentiodynamic 

polarization curves were obtained after Rp measurements and the Tafel curves were performed from ±250 

mV vs OCP at scan rate of 0.5 mVs
-1

. 

 

3.  RESULTS AND DISCUSSION 

 

3.1 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) 

The surface morphology of galvannealed steel was analyzed by SEM. Figure 2 presents the SEM images for 

galvannealed steel without silane film (SBlank) and SBlank after 24 h of immersion in 0.1 mol/L NaCl solu-

tion. 

 

Figure 2: SEM images for galvannealed steel without silane film (SBlank) before (A) and after (B) 24 h of immersion in 

0.1 mol/L NaCl solution. 

 

The galvannealed surface presents different areas (Fig.2 A), ones smoother and outer layers rich in 

zinc (Eta phase), and others porous, which are inner and show the intermetallic phases [19,43]. The crack is 

related to Zeta phase (ς), which presents a higher Zn than Fe concentration, due to be nucleated first and then 

grows epitaxially on the substrate at a high rate [19,43].Cook & Grant [2] and Almeida & Morcillo [3] de-

clare that the "galvannealed" is uneven with cracks and a columnar grain tangle which grows from inside the 

coating to the surface (Fig. 2A). 

Figure 2B shows that corrosion products have predominance in porous region.  According to Queiroz 

and Costa [7], the pores derived from Zeta phase (ς) growth, allow the electrolyte penetration and formation 

of corrosion products, thus explaining the notable presence of this products in the attacked sample.  

Figure 3 presents the SEM images of galvannealed steel pretreated with silane film (2:1 silane ratio 

APTES:GPTMS, 2% silane concentration and 150 min hydrolysis time) before (Fig 3A) and after 24 h of 

immersion in 0.1 mol/L NaCl solution (Fig. 3B). 
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Figure 3: SEM images of the galvannealed steel with silane film before (A) and after (B) 24 h of immersion in 0.1 mol/L 

NaCl solution. 

Comparing Fig 2B and Fig 3B it is observed that the sample pretreated with silane film is less attacked 

than the SBlank indicating the silane film protection role. On the other hand, comparing Fig 2A and Fig 3A 

no difference is observed, however, the EDS images (Fig 4) of these samples reveals the presence of silane 

film due to the presence of Si and N (APTES aminofunctional group) peaks (Fig 4B) while in Fig 4A there is 

only Zn and Fe peaks which is characteristic of the bare galvannealed surface. 

 

 

(A) 

 

(B) 

Figure 4: EDS images for galvannealed steel in the smooth region without silane film (SBlank) (A) and with silane film 

(B). 
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The SEM images and EDS results indicate that the galvannealed microstructure can contribute with 

the non-homogeneous film formation due to the surface porosity originating from intermetallic phases and 

the presence of cracks [4-7, 14,19] 

Figure 5 shows the SEM of the sample profile S21 with the indication of the thickness of the galvan-

neal coating and the silane hybrid film. The galvanneal coating has a thickness of approximately 7 µm, while 

the silane hybrid film has a thickness of approximately 2.5 µm. 

 

Figure 5: SEM micrograph of the cross-section galvannealed steel with silane film for thickness identification. 

 

3.2 Wettability Test (Contact Angle) 

The contact angle measurements for galvannealed steel treated with silane APTES/GPTMS film and untreat-

ed sample (SBlank) are presented in Table 3. 
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Table 3: Contact angles for samples with and without silane film. 

 

Sample 
Measurements Mean Standard 

deviation 1 2 3 (°degrees) 

SBlank 57.8 61.6 60.1 59.8 1.9 

S01 103.4 106.9 101.3 103.9 2.8 

S02 109.9 106.2 101.6 105.9 4.2 

S03 102.4 97.3 99.7 99.8 2.6 

S04 75.3 67.2 66.7 69.7 4.8 

S05 90.7 93.3 96.2 93.4 2.8 

S06 89.7 84.8 86.2 86.9 2.5 

S07 71.0 62.4 65.1 66.2 4.4 

S08 81.1 73.7 76.8 77.2 3.7 

S09 82.9 75.7 75.3 78.0 4.3 

S10 85.6 84.0 107.1 92.2 12.9 

S11 93.7 88.3 88.5 90.2 3.1 

S12 81.5 85.0 83.3 83.3 1.8 

S13 65.4 70.1 71.4 69.0 3.2 

S14 75.4 77.6 74.8 75.9 1.5 

S15 77.3 79.3 75.5 77.4 1.9 

S16 69.7 68.5 63.0 67.1 3.6 

S17 80.6 74.5 74.7 76.6 3.5 

S18 68.5 72.0 76.8 72.4 4.2 

S19 82.5 79.2 79.2 80.3 1.9 

S20 72.7 74.7 75.6 74.3 1.5 

S21 108.7 112.0 108.4 109.7 2.0 

S22 79.0 78.6 75.7 77.8 1.8 

S23 73.8 76.7 72.3 74.3 2.2 

S24 104.4 93.4 99.6 99.1 5.5 

S25 66.7 68.1 70.1 68.3 1.7 

S26 88.0 89.0 78.5 85.2 5.8 

S27 77.3 80.0 74.6 77.3 2.7 

 

The average contact angle of the untreated sample was 59.8º indicating that the untreated surface is 

hydrophilic as reported in the literature [19,43,44].
 
However, all samples treated with silane film presented an 

average contact angle greater than the SBlank. On the other hand, S21 (ratio 2:1 APTES:GPTMS, 2% silane 

concentration and hydrolysis time 150 min) was the sample with higher average contact angle (109.7º) being 

its surface considered as hydrophobic due to its contact angle value higher than 90º [19,45]. In addition to 

this, other samples presented the hydrophobic character, as highlighted in Table 3. In opposition, S07 (ratio 

1:2 APTES:GPTMS, silane concentration of 6% and hydrolysis time 30 min) was the pretreated  sample that 

showed lower average contact angle 66.2º indicating its hydrophilic surface (Table 3). 

The rate of hydrolysis of a silane molecule is influenced by both the functional group present and by 

the type and number of hydrolyzed groups. Highly hydrophobic silanes that need larger amounts of alcohol 

in solution hydrolyze more slowly. According to Zhu (2005), the smaller the size of the hydrolysable alkoxy 

group greater is its rate of hydrolysis. This rate of hydrolysis reaction is associated with the steric effect of 

this alkoxy group. According to Montemor and Ferreira [21], the concentration of silane in the solvent is an 

important parameter in the pre-treatment process based on silanes. The more hydrolysable groups the silane has,  
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greater the tendency to arise silanol groups (SiOH), which in addition to reacting with hydroxyls present on 

the surface of the metal forming the bond (MeOSi), react with each other by polymerizing, condensing in 

(SiOSi)-n to form the film.  

From results obtained from the mean contact angle values (Table 3), it can be seen that a higher epoxy 

silane ratio (2:1 APTES:GPTMS), a lower silane concentration (2 %) and  higher hydrolysis time (150 min) 

provided higher surface hydrophobicity. This combination of factors, associated with the best results, may be 

related to a higher rate of hydrolysis of the silanes and consequently higher availability of silanol groups pre-

sent in solution, as also a higher concentration of epoxy functional groups, which promotes a greater cross-

linking of the film on the metallic substrate [17,21,45]. 

 

Figure 6: Water drop during the wettability test on galvannealed steel with silane hybrid film in the higher (S21) and 

lower (S07) contact angle value. 

 

3.3 Statistical Analysis 

The contact angle (response variable) data were treated by Statistica 10 software, in order to verify the effect 

of three independent variables (silanes ratio, silane concentration and hydrolysis time) in three levels each 

one (Table 1). Table 4 presents the values of the model regression coefficients, the effects of the independent 

variables and all its linear and quadratic relationships for the contact angle response variable. 
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Table 4: Model regression coefficients and effects of the variables: Ratio (APTES: GPTMS), silane concentration and 

hydrolysis time for the contact angle response. 

 

 
effect t-value p-value coef. 

Constant term 82,6 52,6 0,00 82,64 

V1 9,9 2,6 0,03 4,97 

V1² 1,5 0,5 0,66 0,77 

V2 -19,0 -4,9 0,00 -9,52 

V2² -3,4 -1,0 0,34 -1,69 

V3 -3,9 -1,0 0,35 -1,93 

V3² -6,6 -2,0 0,08 -3,31 

V1.V2 1,6 0,3 0,74 0,81 

V1.V2² 4,3 1,0 0,33 2,14 

V1².V2 6,4 1,6 0,15 3,21 

V1².V2² -0,2 -0,1 0,95 -0,12 

V1.V3 5,8 1,2 0,25 2,90 

V1.V3² -6,3 -1,5 0,16 -3,13 

V1².V3 -7,8 -1,9 0,09 -3,89 

V1².V3² 1,9 0,5 0,62 0,93 

V2.V3 9,1 1,9 0,09 4,56 

V2.V3² 1,9 0,5 0,66 0,94 

V2².V3 3,2 0,8 0,46 1,60 

V2².V3² -2,1 -0,6 0,57 -1,06 

 

The lower the p-value parameter is, it represents the probability of each independent variable of the 

experimental factorial design of being significant to the model. In this context, the significant variables are 

the linear variables V1 (ratio APTES:GPTMS) and V2 (silane concentration), that presents a significance 

level of 0.05 (95% confidence) or smaller p-value. The variable 1 (ratio APTES:GPTMS) showed significant 

positive effect (Table 4), indicating that a higher independent variable value implies in the higher value of 

contact angle, while the variable 2 (silane concentration) showed significant negative effect (Table 4), indi-

cating that a higher  independent variable value implies in a lower value of contact angle . It must be stressed 

that variable V2 has more intense effect when compared to variable 1, so the silane concentration plays a 

more and intensive effect on the hydrophobicity of the obtained hybrid film. The mathematical model was 

established for contact angle taking in account only the significant variables due to their low p-values, being 

est the estimated value of contact angle for the model (Eq. 1). 

 

                            Eq.(1)  



SOUZA, K.G.S.; COTTING, F.; AOKI, I.V., et al. revista Matéria, v.25, n.2, 2020 

The model determination coefficient of R² = 0.87 means that 87.01% of experimental data can be con-

sidered obeying the model. According to literature, confidence levels higher than 80% can be considered 

significant to the model [48-50]. 

Figure 7 represents the Pareto diagram which shows the t-value of the regression coefficient with 95% 

confidence. The significance level p, lower than 0.05, indicates ratio (APTES:GPTMS) (V1) and silane con-

centration (V2), this with a higher effect,  as  being significant variables for model with 95% probability of 

significance, strongly interfering in the wettability of the film formed on the substrate. 

 

Figure 7: Pareto for contact angle response according to the coded variables 

The linear regression between the observed and predicted values is presented in Figure 8. The deter-

mination coefficient (R²) value is 87.01% indicating the proximity of the experimental data and the model 

(est) revealing how the model is significant [48-50].
 
It is possible to observe the distribution between pre-

dicted and observed values with a greater concentration of points between 66º and 79º for observed and be-

tween 64º and 84º for predicted values. 

 

Figure 8: Predicted and observed values for real impedance (Z’) as response. 
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Figure 9 presents the contact angle surface response as function of silane ratio and silane concentra-

tion, being hydrolysis time (non-significant variable) at the midpoint (level 0) corresponding to 90 min. It is 

verified that the higher contact angle values are obtained for low levels of silane concentration tending to 2% 

(points -0.8 to -1.2) independent of the silane ratio, thus the hydrophobic character (angle > 90º) is strongly 

related to 2% of silane concentration (point -1.2) and has the higher value observed for the contact angle, 

when the hydrolysis time is 90 min, tending to a ratio 2:1 APTES:GPTMS (point +1.2) 

 

Figure 9: Contact angle response surface as function of silane concentration (V2) and ratio (APTES: GPTMS) (V1) for 

90 min hydrolysis time. 

The statistic validation of experimental factorial design revealed that the contact angle results and 

model proposed are reliable (R² = 0.87). According to the literature coefficients of determination greater than 

80% are reliable models [48-50]. It was determined that the variables which great influence in the formation 

of the film studied are silane concentration (V2) (strongest effect) and silane ratio (V1). 

 

 

3.4 Electrochemical Characterization 

 

3.4.1 Open Circuit Potential (OCP) 

The OCP for galvannealed steel treated with silane hybrid film and untreated were obtained after 90 min of 

immersion in 0.1 mol/L NaCl solution. The OCP curves for galvannealed untreated (SBlank), galvannealed 

pretreated with higher (S21) and lower contact angle (S07) values are presented in Figure 10. 
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Figure 10: OCP monitoring with time for galvannealed steel with and without silane hybrid film in the higher (S21) and 

lower (S07) contact angle value, obtained after 90 min of immersion in 0.1 mol/L NaCl solution. 

Figure 10 shows that the potential values for the treated galvannealed steel grows in the initial times 

of immersion due to the film resistance against the electrolyte penetration. The interfacial reactions reach 

equilibrium (corrosion potential stabilization) in more positive potentials, indicating that the film formed in 

the substrate is resistive, reticulated and homogeneous [1,48,50]. 

 

3.4.2 Electrochemical Impedance Spectroscopy (EIS) 

The EIS Bode diagrams, obtained after 100 min of immersion in 0.1 mol/L NaCl for galvannealed untreated 

and treated with silane hybrid film with higher (S21) and lower (S07) contact angle values are showed in 

Figure 10. The Bode diagram, impedance modulus value (Fig. 11A), indicate that both samples (S21 and 

S07) present a higher impedance modulus values than SBlank; on the other hand, the Bode diagram phase 

angle (Fig. 11B) reveals the presence of two time constants (for sample S07), one at high frequencies which 

is related to the silane hybrid film response and other at low frequencies due to interfacial reactions galvan-

nealed/electrolyte [19,44]. However, in the intermediate frequencies it is observed a non-capacitive behavior 

(Fig. 11A) and a new time constant seems to appear (Fig. 11B) for S07 if compared with S21 behavior, 

which can indicate that the film formed for S07 is less reticulated and homogeneous and resistive than the 

film formed for S21, thus justifying its lower contact angle value obtained in the wettability tests (Table 3). It 

is also possible to observe the better barrier layer of S21 in a large range of intermediate frequencies (Fig. 

11B), indicating the higher film resistance to interfacial reactions [44,50]. 
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Figure 11: EIS Bode diagrams for the galvannealed untreated and treated with the higher (S21) and lower (S07) contact 

angle value, obtained after 100 min of immersion in 0.1 mol/L NaCl solution. Bode diagram impedance modulus (A) and 

Bode diagram phase angle (B). 

 

The electrochemical results corroborate the wettability results indicating that the silane hybrid film 

(APTES/GPTMS) improves the galvannealed corrosion resistance.   

 

4. CONCLUSIONS 

The statistical analysis of experimental factorial design revealed that the contact angle results and proposed 

model are significant (R² = 0.87). It was determined that the variables which has great influence in the for-

mation of the hybrid film are silane concentration and silane ratio (APTES:GPTMS).  

The contact angle results showed that the best condition for silane hybrid film on galvannealed surface 

was obtained with the sample S21 (109,7º), for 2:1 silane ratio (APTES:GPTMS), 2% silane concentration 

and 150 min the hydrolysis time, although this variable (V3) is not significant. The most intense and negative 

effect was obtained for the variable silane concentration (2%, level -1) followed by a less intense positive 

effect of the silane ratio APTES:GPTMS (2:1, level +1), being both coherent with the highest value for the 

response variable and the model obtained. All 27 samples treated with the silane hybrid film showed a mean 

contact angle value higher than SBlank, untreated, of which 8 results (S21, S02, S01, S03, S24, S05, S10 and 
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S11) with  contact angles greater than 90º with hydrophobic characteristics were obtained at lowest concen-

trations of silane (2%). The most hydrophilic samples tend to the higher concentrations of silane (6%). No 

significant tendency is observed for the hydrolysis time. 

The electrochemical results corroborate wettability results indicating that the silane hybrid film 

(APTES:GPTMS) improve the galvannealed corrosion  resistance. 

            The SEM images and EDS results indicate that the galvannealed microstructure can contribute with 

the non-homogeneous film formation due to the surface porosity originating from intermetallic phases and 

the presence of cracks. 
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