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Abstract 
Silane coupling agent KH560 was used to modify the surface of nano-α-Al2O3 
in ethanol-aqueous solution with different proportions. The particle size of 
nano-α-Al2O3 was determined by nano-particle size analyzer, and the effects 
of nano-α-Al2O3 content, ethanol-aqueous solution ratio and KH560 dosage 
on the dispersion and particle size of nano-α-Al2O3 were investigated. The 
material structure before and after modification was determined by Fourier 
transform infrared spectroscopy (FTIR). Aqueous polyurethane resin and in-
organic components are combined with modified nano-α-Al2O3 dispersion to 
form chromium-free passivation solution. The solution is coated on the gal-
vanized sheet, the adhesion and surface hardness are tested, the bonding 
strength of the coating and the surface hardness of the substrate are dis-
cussed. The corrosion resistance and surface morphology of the matrix were 
investigated by electrochemical test, neutral salt spray test and scanning elec-
tron microscope test. The chromium-free passivation film formed after the 
modification of nano-α-Al2O3 increases the surface hardness of galvanized 
sheet by about 85%. The corrosion resistance of the film is better than that of 
a single polyurethane film. The results show that the surface hardness and 
corrosion resistance of polyurethane resin composite passivation film are sig-
nificantly improved by the introduction of nano-α-Al2O3. 
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1. Introduction 

With the rapid progress of modern industrialization and technological develop-
ment, surface coating technology plays an increasingly important role in the 
field of metal protection and functional improvement [1]. As a common metal 
substrate, galvanized sheet has been widely used because of its excellent corro-
sion resistance and good mechanical properties, and occupies an important po-
sition in the fields of construction, automobile manufacturing, energy and infra-
structure construction [2]. At present, the methods to enhance the surface per-
formance of galvanized sheet mainly include: surface coating technology, the 
coating of polymer, ceramic or other special materials can improve the corrosion 
resistance and wear resistance of galvanized sheet; The mechanical properties 
and corrosion resistance of galvanized sheet can be improved by adjusting the 
ratio of alloying elements or adding trace elements. Surface treatment technolo-
gy, using chemical treatment, mechanical treatment or electrochemical treat-
ment methods, improve the surface finish and roughness of galvanized sheet, 
improve its coating adhesion and corrosion resistance; Nanotechnology applica-
tions, the use of nanomaterials or nanostructures to modify galvanized sheets to 
improve their surface properties, such as enhancing hardness, corrosion resis-
tance and wear resistance. These methods are usually used in combination to 
achieve a comprehensive improvement in the surface properties of galvanized 
sheets. 

However, with the continuous changes in application environments and in-
creasing usage requirements, there is an urgent need to significantly enhance the 
surface performance of galvanized steel [3] [4] [5]. This article aims to introduce 
new coating materials and modification methods to achieve substantial im-
provements in coating adhesion, corrosion resistance, and surface hardness of 
galvanized steel. At present, although the traditional chromium coating has a 
good application effect, the hexavalent and trivalent chromium ions contained in 
it have greater damage to the human body and the environment and have been 
gradually banned [6] [7]. The traditional anti-corrosion coating without chro-
mium ion has been difficult to meet the complex and changing engineering 
needs. 

Waterborne polyurethane is an environmentally friendly material that does 
not contain organic solvents and volatile organic compounds (VOCs), thus 
causing no pollution to the environment. Additionally, it possesses excellent 
physical and chemical properties, including high strength, abrasion resistance, 
chemical corrosion resistance, acid and alkali resistance, and good toughness, 
enabling it to withstand various complex application environments. Further-
more, waterborne polyurethane exhibits excellent adhesion and good affinity to 
various substrates, allowing it to form strong bonds with multiple base materials 
[8] [9].  

However, the performance of a single water-based polyurethane resin in 
coatings still needs improvement, limiting its application in some high-demand 
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areas. To address this issue, it has been found through current research hotspots 
in metal surface coatings both domestically and internationally that selecting 
appropriate additives to enhance various properties of coatings is a new devel-
opment direction. 

Nano α-Al2O3, as an excellent nanomaterial [10], is an ideal choice for mod-
ifying waterborne polyurethane resin due to its superior physical and chemical 
properties. The α-Al2O3 particles possess a large specific surface area and ex-
tremely high hardness [11], enabling them to be uniformly dispersed within the 
coating, forming a hard, wear-resistant protective layer that effectively enhances 
the coating’s hardness. Additionally, α-Al2O3 exhibits excellent chemical stability 
and corrosion resistance [12] [13]. By introducing it into the passivation solu-
tion, a dense protective film formed on the substrate surface can effectively iso-
late the metal surface from direct contact with corrosive factors in the environ-
ment. This film can also resist corrosion and degradation of the coating in harsh 
environments, providing reliable protection for the metal surface and enhancing 
the coating’s corrosion resistance. The significance of this study lies not only in 
expanding the application of waterborne polyurethane resin in the field of metal 
coatings but also in providing new ideas and methods for improving coating 
performance. Furthermore, further exploration of the potential advantages of 
nan-α-Al2O3 modified waterborne polyurethane resin coatings in enhancing the 
surface properties of galvanized sheets and other related aspects will be con-
ducted. This will provide more reliable protection measures for the application 
of metal materials in different environments, promoting the continuous and 
in-depth development of coating technology. 

2. Experiments 
2.1. Experimental Substrate Pretreatment 

The experimental substrate selected is galvanized steel produced by Ma’anshan 
Iron & Steel Company Limited, with dimensions of 50 mm × 30 mm × 0.6 mm. 
The thickness of the zinc coating is 0.08 mm, and the roughness is 0.8 to 1.2 μm. 
The pretreatment process for the substrate includes the following steps: firstly, 
degreasing the substrate by immersing the samples completely in acetone or an-
hydrous ethanol, then cleaning with ultrasonic agitation for 30 minutes followed 
by rinsing with deionized water. Secondly, alkaline washing is conducted by 
immersing the sheet in a pre-configured alkaline solution, subjecting it to ultra-
sonic treatment for 40 minutes at room temperature (20˚C - 24˚C), the compo-
sition of the alkaline solution is 30 g/L NaSiO3 and 10 g/L NaOH, followed by 
rinsing with water and drying. Lastly, the treated samples are placed in an oven 
at 90˚C for 40 seconds for drying. 

2.2. Preparation of Nanometer α-Al2O3 

In this paper, nano-α-Al2O3 powder particles were prepared by hydrothermal 
method [14] [15] [16]. The specific preparation process is described as follows: 
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The pure Al2(SO4)3 powder was analyzed and dissolved in deionized water to 
form 1 mol/L Al2(SO4)3. Mechanical stirring 60 min, filter to remove insoluble 
impurities in the solution. The concentration of 25% - 29% of ammonia water is 
dropped into the aluminum sulfate solution, at this time there will be white 
flocculent precipitate continuously, until the pH of 8 - 9 white suspension stop 
dripping. The white suspension is encapsulated in a high-pressure container for 
hydrothermal reaction, the reaction temperature is set at 300˚C, the reaction 
time is 18 h, and then the white precursor product γ-AlOOH precipitation is 
generated [17] [18]. After the hydrothermal reaction is completed, the resulting 
white precursor product is separated by centrifugation and filtration. Then the 
white precursor product is baked at a temperature of 1100˚C - 1200˚C for 24 h, 
and the product obtained is the final α-Al2O3.  

2.3. Modification of Nanometer α-Al2O3 

The particle size of the nano-α-Al2O3 powder particles is small and the specific 
surface area is large, which indicates that there are more surface atoms or mole-
cules per unit mass or volume that are the active sites where silane coupling 
agents can bind. Therefore, smaller particle sizes can provide more opportunities 
to react with silane coupling agents. Secondly, the smaller particle size of the 
nano-α-Al2O3 particles have better dispersion in solution, which helps the silane 
coupling agent to cover the surface of the particles more evenly, which not only 
improves the efficiency of the modification, but also helps to improve the stabil-
ity of the modified material. However, the agglomeration of nano-α-Al2O3 
powder particles is obvious and it has hydrophilic properties, which makes it 
difficult to infiltrate in organic solvents and has poor dispersibility. Therefore, in 
order to stably improve its uniform dispersion, surface modification of na-
no-α-Al2O3 is required before use. 

At present, most of the research on the surface organic modification of nano-
particles use surfactants and fatty acids to modify their surface, and the connec-
tion methods are mainly through physical adsorption and chemical adsorption. 
In recent years, the research on the use of silane coupling agents for surface 
modification has gradually emerged [19] [20] [21]. 

In this study, silane coupling agent (KH560) was used to modify the surface of 
nano-α-Al2O3 [22] [23] [24] [25] [26]. The group methoxy (Si-OCH3) in the si-
lane coupling agent reacts with water to form silyl alcohol groups (Si-OH), and 
then one of the silyl alcohol groups is hydrogen-bonded with the hydroxyl group 
on the surface of the nano-α-Al2O3 to form a -Si-O-Z-covalent bond (Z represents 
the surface of nano-α-Al2O3). The other two silanol groups and silane coupling 
agent molecules between the silanol group condensation reaction, forming the 
silicon oxygen chain. The silane coupling agent molecules are cross-linked to 
form a network structure covering the alumina surface, which has excellent 
flexibility, adhesion and hydrophobic properties. The reaction mechanism is 
shown in Figure 1. 
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Figure 1. Reaction mechanism of silane coupling agent KH-560 modified nano A12O3 particles. 

 
α-Al2O3 particles form a good interface combination with polyurethane resin 

to reduce interface defects and improve the overall performance of the compo-
site. Secondly, α-Al2O3 has excellent high temperature stability, which can effec-
tively prevent the thermal decomposition and oxidation of polyurethane resin at 
high temperatures. This not only extends the service life of the composite, but 
also enables it to maintain stable performance in extreme temperature environ-
ments. At the same time, α-Al2O3 particles are used as hard fillers to significantly 
improve the hardness, wear resistance and impact resistance of polyurethane re-
sin. This allows the composite to better maintain its integrity when subjected to 
external pressures or shocks, thus providing greater protection. 

2.4. Preparation of Passivation Solution 
2.4.1. Preparation of Modified Nano-α-A12O3 Dispersion Solution 
Add 7% mass fraction nano-α-Al2O3 powder particles into the three-port flask, 
add ethanol aqueous solution with a mass ratio of 2:1, mechanically stir for 50 
min, add 10% mass fraction of silane coupling agent KH560, and stir conti-
nuously, while the pH value of the solution is adjusted to about 7. After contin-
ued stirring for 2 - 3 h, the nano-α-Al2O3 dispersion liquid was obtained by ul-
trasonic dispersion for 3h in the ultrasonic oscillator. 

2.4.2. Preparation of Passivation Solution 
250 ml deionized water, 400 g/L waterborne polyurethane, 8 g/L H2O2-modified 
fluotitanic acid and 40 g/L silane coupling agent KH560 were added into the 
reaction dish. The prepared nano-α-Al2O3 dispersion was added while stirring, 
and the temperature was controlled at 40˚C - 60˚C for 2 - 3 h by ultrasonic os-
cillation. The chromium-free passivation solution of modified nano-α-A12O3 
was obtained. 

2.4.3. Passivation Film Coating 
The chromium-free passivation solution was evenly coated on the surface of the 
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substrate with RDS-5 paint rod and was taken out in the oven for 30 seconds and 
left for 48 h at room temperature.  

The experimental group was compared to prepare single waterborne polyure-
thane coated galvanized sheet and blank galvanized sheet. 

2.5. Experiments 
2.5.1. Nano-α-A12O3 Modification Test 
The particle size of nano-α-A12O3 after modification was tested by ZS90 nano-
meter particle size meter produced by Malvern Panalytical in the UK, and its 
dispersion was analyzed according to its PDI (polymer dispersion index) and 
average particle size. 

The structure of nano-α-A12O3 before and after modification was tested by 
Fourier infrared spectrometer (FTIR) Nicolet 6700 produced by Nicolet, USA 
[27], and the scanning range was 4000 - 500 cm−1.  

2.5.2. Passivation Film Surface Performance Test 
By testing the film thickness, film adhesion and surface hardness of single wa-
terborne polyurethane passivation film and nano α-A12O3 modified composite 
polyurethane passivation film, the performance difference between the two is 
compared, the specific test is as follows: 

Weighing method was used to test the thickness of passivation film [28] [29] 
[30], test the mass of substrate M1 before coating, test the mass of substrate M2 
after coating cure, calculate the coating surface area S, and calculate the coating 
film thickness according to the following calculation Equation (1): 

2 1Coating film thickness M M
S
−

=             (1) 

The adhesion of the coating surface was tested using the adhesion guide 
gauge, and the test results were rated according to GB/T 9286-2021 “Paint and 
Varnish grid Test”. 

The surface hardness of the sample to be tested was measured by digital mi-
cro-Vickers hardness tester, and the hardness difference between the two was 
compared to measure the effect of nano-α-Al2O3 on the surface hardness of the 
substrate. 

2.5.3. Electrochemical Testing [31] [32] 
CHI660 electrochemical workstation produced by Shanghai Chenhua Company 
was used for electrochemical test, with three electrode system, galvanized plate 
working electrode, working area of 1cm2, platinum sheet as auxiliary electrode 
and saturated calomel electrode as reference electrode. The experimental tem-
perature was 20˚C - 25˚C, and the corrosive medium was 3.5% NaCl solution. 
The scanning range of Tafel polarization curve is −1.5 - −0.5 V, and the scanning 
rate is 1 mV/s. The AC impedance test frequency is set to 10−2 - 105 Hz, and the 
amplitude of the disturbance signal is 5 mV. origin was used for Tafel data fit-
ting, and the impedance data were fitted by Z-simpwin software and Z-view 
software. 
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2.5.4. Neutral Salt Spray Test 
This test was carried out according to the national standard GB 6458-86 “Neu-
tral salt spray test on Metal Covering Layer”, the base material size was 80 mm × 
150 mm (working area was 70 mm × 140 mm), the mass fraction of NaCl solu-
tion was 3.5%, the pH of the solution was controlled between 6.5 - 7.5, and the 
temperature in the salt spray chamber was controlled at 32˚C - 36˚C. The salt 
spray settlement was controlled at 0.0135 - 0.0235 mL/(cm2·h), and the experi-
mental sample was formed at 35˚ - 45˚ perpendicular to the support in the box. 
After continuous spraying for 72 h, the sample was cleaned and weighed, and the 
corrosion resistance of the sample was determined by calculating the proportion 
of the surface area of white rust [33]. 

2.5.5. Surface Microtopography 
Nissan JSM-6490LV scanning electron microscope (SEM) was used to observe 
the surface micro-morphology of galvanized blank plate, single water-based po-
lyurethane passivation film and nano α-Al2O3 modified composite polyurethane 
passivation film [34], and compare the morphological differences among the 
three, with an acceleration voltage of 20 kV. 

3. Results and Discussion 
3.1. Modification Effect of Nano-α-A12O3 
3.1.1. Particle Size Measurement 
According to the previous experimental description, the experimental scheme 
design is shown in Table 1. In Table 1, nine kinds of modified nano-α-Al2O3 
dispersions were tested. After ultrasound, they were left for a period, and their 
particle sizes were measured at room temperature (20˚C - 25˚C) using ZS90 na-
no-particle size potential analyzer produced by Malvern Panalytical Company in 
the UK. The results are shown in Figure 1.  
 
Table 1. Micro-nano α-Al2O3 modification test scheme. 

Number 

Factor A Factor B Factor C 

Dosage of  
nano-α-Al2O3/g 

Water:Ethanol 
(m:m) 

Ethanol aqueous 
solution/ml 

KH560 
hydrolysate/g 

1 0.03 1:1 9.94 0.03 

2 0.03 1:2 9.92 0.05 

3 0.03 1:3 9.9 0.07 

4 0.05 1:1 9.9 0.05 

5 0.05 1:2 9.88 0.07 

6 0.05 1:3 9.92 0.03 

7 0.07 1:1 9.86 0.07 

8 0.07 1:2 9.9 0.03 

9 0.07 1:3 9.88 0.05 
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The particle size PDI (polymer dispersion index) values of the 9 samples 
measured in Figure 2 are all within 0 - 0.5. As can be seen from Figure 2, sam-
ple No. 5 has the smallest particle size, with an average particle size of 222.7 nm. 
At the same time, according to the above particle size distribution diagram, it 
can be seen that different nano-α-Al2O3 content, different ethanol aqueous solu-
tion ratio, and different silane coupling agent ratio have certain effects on par-
ticle size distribution. With the increase of nano-α-Al2O3 content, its particle size 
gradually decreases, but with the increase of its content, the particle size also sig-
nificantly increases, and in the subsequent experiment, it is found that when the 
content exceeds a certain amount, the PDI of the measured data will stabilize at 
1, indicating that the test data at this time has a huge deviation. At the same 
time, when the ratio of ethanol solution is (2 or 3):1, and the dosage of silane 
coupling agent is 5% - 7%, the dispersion of nano-α-Al2O3 with 5% mass fraction 
is the best. 

 

 
(a)                                                   (b) 

 
(c)                                                   (d) 
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(e)                                                  (f) 

 
(g)                                                  (h) 

 
(i) 

Figure 2. Particle size distribution of modified micro-nano α-Al2O3. 
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3.1.2. Fourier Infrared Test 
Figure 3 shows the Fourier infrared spectra of nano-α-Al2O3 before and after 
modification, and Figure 3(a) and Figure 3(b) show the FTIR spectra before 
and after modification, respectively. It can be seen from Figure 2 that before and 
after modification of nano-α-Al2O3, 3440 cm−1 and 1630 cm−1 are the stretching 
vibration peaks and vibration absorption peaks of O-H and H-OH. There is a 
certain wide absorption band in the range of 500 - 1000 cm−1, which is the cha-
racteristic absorption peak of nano-Al2O3, indicating that the internal structure 
of nano-α-Al2O3 is not damaged after modification. After modification, different 
vibration peaks were observed in the spectrum: methyl asymmetric stretching 
vibration peak at 2940 cm−1, methylene symmetric stretching vibration peak at 
2840 cm−1; the absorption peak of 1466 cm−1 corresponds to the bending vibra-
tion of C-H bond. The absorption peak of epoxy-group stretching vibration is at 
1200 cm−1, and the asymmetric stretching vibration peak of Si-O-Si bond is at 
1080 cm−1. It can be seen from the above that the modified trimethylchlorosilane 
has been successfully connected to the surface of nanometer α-Al2O3. 

3.2. Passivation Film Surface Performance Test 
3.2.1. Film Thickness of Passivation Film 
The passivation film formed by coating only a single water-based polyurethane 
passivation solution and nano-α-Al2O3 modified composite polyurethane passi-
vation solution was selected. The data of 20 sample points were uniformly se-
lected on the substrate of the film layer, and the mean value and standard devia-
tion were calculated to represent the film thickness to facilitate the reduction of 
errors. The test results were shown in Figure 4. 

The average film thickness of single waterborne polyurethane passivation film 
was 1.653 g/m2, and the film thickness of nano α-Al2O3 modified polyurethane 
composite passivation film was 1.722 g/m2. 

 

 

Figure 3. Infrared spectra before and after modification of micro-nano α-Al2O3. 
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Figure 4. Film thickness of passivation film. 

3.2.2. Surface Adhesion 
The substrate surface adhesion test equipment is a guide gauge tester, so that the 
bottom surface of the guide gauge is flat with the object to be measured. The 
cutting speed of LC-302 manual knife is 25 - 35 mm/S, and the cutting incision 
should obviously pass through the coating and not cut into the substrate too 
deeply. After cutting 6 marks, rotate 90˚ and repeat the previous cutting opera-
tion. Observe the coating cutting area and determine the adhesion level accord-
ing to the GB/T 9286-2021 “Paint and varnish·grid Test” rating standard. 

The test results are shown in Figure 5. 1-1# and 1-2# are the single wa-
ter-based polyurethane passivation film and the nano-α-Al2O3 modified compo-
site polyurethane passivation film, respectively. The surface marks are smooth 
around the scratch, and no debris falls off around the scratch. Both passivation 
films have excellent adhesion on the surface of the measured galvanized sheet. 

3.2.3. Surface Hardness Test 
The surface hardness test results of the samples (galvanized steel sheet) are 
shown in Figure 6. Fifteen test points were uniformly selected on the surface of 
each sample for hardness measurement. To minimize errors, the highest and 
lowest values were excluded, and the average measurement value of the remain-
ing points was taken to represent the hardness value of the sample. As indicated 
in Figure 6, there was little difference in hardness values between the blank gal-
vanized plate and the single-component waterborne polyurethane galvanized 
plate. This suggests that waterborne polyurethane resin does not possess the ca-
pability to enhance the substrate hardness. This is attributed to the main com-
ponents of the passivation solution, which include waterborne polyurethane re-
sin, silane coupling agent, and inorganic components. These substances primar-
ily serve to enhance corrosion resistance and adhesion, rather than increasing 
surface hardness. 
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Figure 5. Adhesion test of passivation film. 
 

 

Figure 6. Surface hardness of the film. 
 

Both unmodified nano α-Al2O3 and modified nano α-Al2O3 polyurethane re-
sin coatings increased the surface hardness of galvanized steel sheet. This en-
hancement was attributed to the excellent hardness, mechanical strength, and 
abrasion resistance inherent in nano α-Al2O3. However, compared to the unmo-
dified nano α-Al2O3 film, the improvement in surface hardness was more pro-
nounced with the modified nano α-Al2O3 polyurethane resin coating. In com-
parison to the blank galvanized plate, the hardness values increased by 47% and 
85%, respectively, for the two coatings. This indicates that the effect of modified 
nano α-Al2O3 was more significant. 

3.3. Passivated Film Resistance to Electrochemical Corrosion Test 
3.3.1. Tafel Polarization Curve 
The Tafel polarization curve test results for the blank galvanized sheet, water-
borne polyurethane-coated galvanized sheet, and modified nanoscale α-Al2O3 
composite polyurethane-coated galvanized sheet are shown in Figure 7, with the 
parameters of the test results provided in Table 2. From Table 2, it can be ob-
served that the corrosion current gradually decreases from the blank galvanized  
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Figure 7. Tafel polarization curves of the three samples. 
 

Table 2. Electrochemical parameters of Tafel polarization curves of three samples. 

samples Ecorr/V Jcorr/(A·cm−2) R/(Ω·cm2) 

Blank sheet −1.012 8.47 × 10−4 65.3 

polyurethane film −1.006 3.91 × 10−4 140.1 

pellumina −1.014 2.05 × 10−4 232.3 

 
sheet to the aluminum oxide film-coated galvanized sheet, indicating that both 
cathodic and anodic reactions within the reaction vessel are gradually inhibited, 
resulting in a reduction in the rate of electron transfer and making corrosion 
reactions within the solution easier to suppress. This indicates that the corrosion 
rate of the corrosion medium to the plate is gradually reduced, and the corrosion 
resistance of the plate is improved. Simultaneously, the polarization resistance 
gradually increased and increased significantly. The polarization resistance of 
the waterborne polyurethane film was 140.1 Ω·cm2, about 2.5 times that of the 
blank galvanized sheet, and the polarization resistance of the alumina film was 
232.3 Ω·cm2, 4 times that of the blank galvanized sheet. This indicates that the 
corrosion resistance of alumina film to corrosive media is more prominent than 
that of waterborne polyurethane film, and the protection effect on the surface of 
galvanized sheet is better. 

3.3.2. Impedance Test  
The results of the electrochemical impedance spectroscopy (EIS) tests are illu-
strated in Figure 8 and Figure 9. Figure 8 displays the Nyquist plots for the 
three test samples, along with the equivalent circuit diagrams used during fitting, 
while Figure 9 depicts the Bode plots for the three samples. 
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Figure 8. Nyquist spectrum of AC impedance.   
 

 

Figure 9. Bode diagram of AC impedance. 

 
From Figure 8, it can be observed that the small semicircles in the first half 

correspond to the high-frequency region, with the radius of the semicircle for 
the aluminum oxide film being much larger than that of the blank sheet and po-
lyurethane film. This indicates that the electron transfer rate on the surface of 
the aluminum oxide film is slow, and it exhibits strong inhibition of charge reac-
tions within the solution. In the second half, representing the low-frequency re-
gion, the capacitive arc of the waterborne polyurethane film is slightly larger than 
that of the blank galvanized sheet, while the capacitive arc of the aluminum oxide 
film is much larger than both the blank sheet and polyurethane film. This sug-
gests that the aluminum oxide film exhibits strong resistance to the corrosive me-
dium within the solution and is more effective in inhibiting corrosion reactions.  

According to Figure 9, the magnitude of impedance (|Z|) for the aluminum 
oxide film at low frequencies is significantly larger than that for the blank sheet 
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and the polyurethane film. In the mid-frequency region, peaks appear for the 
blank sheet and polyurethane film, while the peak for the aluminum oxide film 
occurs in the high-frequency region. The phase angle of the aluminum oxide 
film in the high-frequency region is significantly higher than that of the blank 
sheet and polyurethane film, indicating that the aluminum oxide film exhibits 
stronger inhibition of corrosion reactions within the solution and is more effec-
tive in preventing penetration by the corrosive medium. This observation aligns 
with the results reflected by the capacitive arcs in the Nyquist plot. 

Table 3 shows the parameter values of the impedance fitting equivalent cir-
cuit. Compared with blank galvanized sheet and single waterborne polyurethane 
film, the impedance value of the nano-α-Al2O3 film shows an obvious trend of 
increase. The content of Nyquist diagram and Bode diagram is intuitively pre-
sented from the data. This is because after the nano α-Al2O3 modified water-
borne polyurethane composite coating, the density of the film layer is better than 
that of a single polyurethane film. At the same time, nano-α-Al2O3 gives the film 
layer more excellent corrosion resistance, which is more conducive to the inhibi-
tion of corrosive media, so the corrosion resistance will be better. 

3.4. Neutral Salt Spray Test 

The results of the neutral salt spray corrosion test on the passivation films are 
depicted in Figure 10, where Figures 10(a)-(c) correspond to the blank galva-
nized sheet, single waterborne polyurethane-coated galvanized sheet, and mod-
ified nanoscale α-Al2O3 composite polyurethane passivated galvanized sheet, re-
spectively. From Figure 11(a), it can be observed that the surface of the galva-
nized sheet is covered with white and yellow rust. The white rust is a white pre-
cipitate of Zn (OH)2 formed after the surface zinc elements of the galvanized 
sheet corroded. Subsequently, yellow rust appeared, indicating that the galva-
nized layer had been corroded by saltwater penetration, directly corroding the 
steel plate surface to form rust, with corrosion area approaching 100%, indicat-
ing relatively weak corrosion resistance of the blank galvanized sheet. The corro-
sion area in Figure 11(b) is 40%, with complete corrosion around the galvanized 
sheet and deeper corrosion. There are also small areas of white rust corrosion in 
the middle. The corrosion area in Figure 11(c) is 10%, with corrosion occurring 
around the periphery but with shallow corrosion depth, and no corrosion in the 
middle. The surface of the blank zinc plate is not coated with passivation liquid, 
so that its resistance to corrosive medium is weak, the corrosive medium can 
quickly corrosion through the galvanized plate, and then corrosion inside the 
steel plate, water-based polyurethane has a certain defense ability to the corro-
sive medium, which makes the corrosive medium penetrate the zinc layer very 
slowly, but also causes corrosion to the zinc layer to a certain extent. The na-
no-α-Al2O3 composite polyurethane film has strong resistance to corrosive me-
dia, which makes the corrosion rate of corrosive media very low, and also makes 
it difficult to corrode the inside of the plate. This indicates that the corrosion re-
sistance of the blank galvanized sheet is relatively weak. The corrosion resistance 
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of the single waterborne polyurethane-coated galvanized sheet is significantly 
improved compared to the blank galvanized sheet. However, the modified na-
noscale α-Al2O3 composite polyurethane passivated galvanized sheet exhibits 
excellent corrosion resistance, far surpassing that of the single waterborne po-
lyurethane-coated galvanized sheet. 

 
Table 3. Parameter values of impedance fitting equivalent circuit. 

Sample 
R1/ 

(Ω·cm2) 
C1 

(F·cm2) 
R2 

(Ω·cm2) 
C2 

(F·cm2) 
R3 

(Ω·cm2) 
Blank sheet 9.49 1.37 × 10−4 552.5 1.10 × 10−3 1079 

polyurethane film 20.95 8.11 × 10−5 609.7 8.96 × 10−4 2645 

pellumina 53.66 3.61 × 10−5 1653.4 2.43 × 10−4 5939 

 

 
(a)                   (b)                  (c) 

Figure 10. Results of neutral salt spray test. 
 

 
(a) 

 
(b)                           (c) 

Figure 11. SEM images of three samples. 
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3.5. Analysis of Surface Morphology of Passivation Film  

The scanning electron microscopy (SEM) test results are shown in Figure 11, 
where Figures 11(a)-(c) correspond to the surface microstructures of the blank 
galvanized sheet, waterborne polyurethane film on the galvanized sheet surface, 
and modified α-Al2O3 polyurethane film, respectively. Figure 11(a) depicts SEM 
images magnified at 300 times, showing numerous depressions, pores, and some 
noticeable cracks on the surface. Figure 11(b), when magnified at 300 times, ex-
hibits no obvious depressions, but upon further magnification to 1500 times, 
surface grooves and pores are still present, indicating that although the polyure-
thane film partially improves the surface properties of the blank galvanized 
sheet, some defects persist. In Figure 11(c), at 1500 times magnification, no ob-
vious cracks or pores are observed, and a relatively dense structure is formed, 
effectively compensating for the defects in the polyurethane film of Figure 
11(b). This suggests that the modified nano α-Al2O3 particles adequately fill the 
existing pores and cracks on the surface. Additionally, a mesh-like structure is 
formed on the film surface, which is a planar structure of the film formed by the 
cross-linking polymerization of polyurethane, silane coupling agent, modified 
nano α-Al2O3 particles, and other substances in the passivation solution. The 
mechanical strength of this film is more stable than that of the galvanized sheet 
film in Figure 11(a) and Figure 11(b), resulting in better chemical resistance. 

4. Conclusions 

The nanoscale α-Al2O3 particles exhibited significant aggregation and were dif-
ficult to disperse due to their small size. Surface modification of the nanopar-
ticles with the silane coupling agent KH560 was performed, resulting in a signif-
icant reduction in particle size when dispersed in the solution. Furthermore, the 
influence of the proportion of ethanol-water solution and the dosage of the si-
lane coupling agent KH560 on the dispersibility of the nanoscale α-Al2O3 par-
ticles was investigated. The experimental results indicated that a ratio of 2:1 for 
ethanol-water and a KH560 dosage of 5% showed the best dispersing effect. 

According to the surface hardness test results of the galvanized sheet, a single 
waterborne polyurethane resin coating did not enhance the surface hardness of 
the galvanized sheet. However, after introducing modified nanoscale α-Al2O3, 
the surface hardness of the galvanized sheet was significantly increased, showing 
an 85% improvement over the original hardness. Furthermore, the electrochem-
ical corrosion resistance test results showed that the corrosion resistance of the 
modified nanoscale α-Al2O3 polyurethane resin composite coating was superior. 
While a single polyurethane film exhibited better corrosion resistance compared 
to the blank galvanized sheet, the corrosion resistance of the nanoscale α-Al2O3 
film was even more remarkable than that of the single polyurethane film. More-
over, based on the scanning electron microscopy test results, it was observed that 
the modified nanoscale α-Al2O3 polyurethane resin composite coating formed a 
smooth and dense film layer on the surface of the galvanized sheet, effectively 
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compensating for surface defects such as grooves and holes. This improvement 
is expected to significantly enhance the surface performance of the galvanized 
sheet. 
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