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Article 
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Abstract: This article utilizes electrodeposition technology to fabricate Zn and Zn-Y2O3-Al2O3 composite 
coatings on Q235 steel plates. Composite coatings were obtained by adding nano Y2O3/Al2O3 particles (0, 5, 10, 
and 15 g/L) to acidic chloride solutions. The study examined the impact of nanoparticles on the microstructure, 
morphology, microhardness, hydrophobicity, and corrosion resistance of composite coatings. The results 
indicate that the addition of nanoparticles increases the nucleation sites on the surface of the coating, thereby 
refining the grain size and reducing the roughness of the coating surface. When the concentration of 
nanoparticles added is 10g/L Y2O3 and 10g/L Al2O3, the hardness of the composite coating (369 Hv) is 2.49 times 
higher than that of the pure Zn coating (148 Hv), which is attributed to the dispersion strengthening and grain 
refinement effects of the nanoparticles. The corrosion resistance of Zn and Zn-Y2O3-Al2O3 composite coatings 
was studied using linear sweep voltammetry and AC impedance spectroscopy. The addition of nanoparticles 
improved the corrosion resistance of the composite coating, and the composite coating prepared in an 
electrolyte containing 10 g/L Y2O3 and 10 g/L Al2O3 nanoparticles exhibited the best corrosion resistance. 
Meanwhile, the composite coating exhibits good hydrophobicity, with a contact angle of 120.9°, 1.94 times that 
of the pure Zn coating (62.2°). The Zn-Y2O3-Al2O3 nanocomposite coating material has significant potential 
advantages in the field of steel corrosion. 

Keywords: electrodeposition; Zn-Y2O3-Al2O3; nanocomposite; corrosion; microhardness 
 

1. Introduction 

Steel as a building material has been widely used worldwide[1], but steel is prone to corrosion 
in many cases, such as atmospheric corrosion, soil corrosion, water environment corrosion, etc[2-4]. 
Since steel corrosion can cause significant damage to human life and property every year[5], it is 
necessary to implement effective measures to reduce steel corrosion. Pure Zn coatings have 
advantages such as corrosion resistance, affordability, and ease of production. For decades, zinc 
coatings have been widely used to protect steel. These coatings can be applied through 
electrodeposition or hot dip methods[6, 7]. Compared to the hot dip method, the zinc coating 
obtained by the electrodeposition method is thinner and has a better surface finish. By selecting 
appropriate electrodeposition parameters, the surface of the Zn coating can be prepared to have no 
pores, resulting in higher corrosion resistance and improved mechanical properties[8, 9]. However, 
the corrosion resistance of pure zinc coatings is limited under conditions such as high temperatures 
and acidic and alkaline environments. Therefore, in order to enhance its performance, it is necessary 
to modify the Zn coating. 

Numerous researchers have discovered that composite coatings can act as viable substitutes for 
zinc coatings. At present, composite coatings have been widely studied. Introducing ceramic 
materials gives coatings higher hardness, high temperature, and corrosion resistance, such as Zn-
ZrO2, Ni-W-SiC, and Zn-Al2O3[10-12]. However, when the introduced materials are reduced to the 
nanoscale, they exhibit entirely different characteristics. Nanoparticles located at grain boundaries 
can hinder dislocation slip and recrystallization in crystals, thereby improving the performance of 
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composite coatings[13]. Therefore, nanocomposite coatings have better application prospects. 
Adding nanocomposite materials to traditional coatings can enhance the corrosion resistance, 
thermal stability, wear resistance, lubricity, and biocompatibility of the coatings[14-18]. 

Alumina nanoparticles are gaining growing interest because of their high hardness, stability at 
high temperatures, and exceptional corrosion resistance. Compared with the pure Zn coating, 
incorporating nano-Al2O3 particles improves the corrosion resistance of the composite coating[19]. 
Abdulwahab et al.[20] placed Zn-Ni and Zn-Ni-Al2O3, obtained by electrodeposition, in a 200°C oven 
for heat treatment. The hardness value of the Zn-Ni-Al2O3 composite coating increased by 2.89%. The 
hardness of the Zn-Ni alloy plating layer decreased by 26.67%. The results show that the nanometer-
sized Al2O3 particles can enhance thermal stability and resistance to high-temperature oxidation. 
Blejan et al.[18] found that the addition of nano-alumina to Zn-Ni significantly improved the 
corrosion resistance of the composite coating. 

In recent years, rare earth materials have gradually been used in new materials and in 
transforming traditional industries[21]. Rare earth yttrium oxide nanoparticles are widely used in 
industries such as catalysts, biomedical, electronic devices, high-temperature superconductors, and 
surface modification due to their excellent corrosion resistance and high-temperature oxidation 
resistance.[22]. Zhang et al.[23] added Y2O3 to the Zn matrix through filler bonding. The results show 
that the addition of Y2O3 improves the corrosion resistance of the alloy. When the Y2O3 content is 
increased to 4wt%, the thickest coating shows the highest level of corrosion resistance. Li et al.[24] 
used the pulsed electrodeposition method to prepare a nanometer composite plating of Ni-W/TiN-
Y2O3. The studies indicate that nanoparticles of TiN/Y2O3 are dispersed in the coating. 
Nanocrystalline particles with a particle size ranging from 14 to 17 nm can be obtained, significantly 
enhancing the corrosion and wear resistance of the coating. 

There are few reports on the study of incorporating nano Y2O3 into the zinc matrix to enhance 
the performance of the coating. Meanwhile, the preparation of composite coatings by incorporating 
nanoscale Y2O3 and Al2O3 particles into a Zn matrix has not yet been published. In this study, we 
prepared Zn-Y2O3-Al2O3 nanocomposite coatings on Q235 steel plates using the co-deposition 
method. Throughout the entire experimental process, the concentrations of nano Y2O3 and Al2O3 
particles were used as independent variables to investigate the effects of these concentrations on the 
morphology, corrosion behavior, and mechanical properties of Zn-Y2O3- Al2O3 nanocomposite 
coatings. 

2. Materials and Methods 

2.1. Preparation of electrolyte solution 

The composition of the electroplating bath is listed in Table 1. All agents are of analytical purity 
levels. Add HCl or NaOH to the plating solution to decrease its pH to 3.5. Add Al2O3 (50 nm) and 
Y2O3 (20 nm) particles to the plating solution and use a magnetic agitator to stir at 1000 rpm for 18 
hours to ensure the uniform dispersion of the nanopowder. 

Table 1. Bath composition and operating condition. 

Composition Concentration (g/L) Parameters  
ZnCl2 150 Temperature (°C) 25 
KCl 50 pH 3.5 

Boric acid 30 Plating time (min) 60 
Al2O3 0-15   
Y2O3 0-15   

2.2. Pretreatment of substrate 

In this work, the anode is a 15×10×1 mm3 zinc sheet (purity 99.999 %), and the substrate (cathode) 
is Q235 carbon steel, the size of 10×10×1 mm3. Since the purchased carbon steel surface has scratches, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 January 2024                   doi:10.20944/preprints202401.1084.v1

https://doi.org/10.20944/preprints202401.1084.v1


 3 

 

rusting, and other defects, it is necessary to preserve its surface. Use 400, 800, 1200, 1600, 2000, and 
3000 grit emery papers to grind the surface of carbon steel, remove surface impurities and oxidation 
layer, then polish with w3.5 abrasive paste; after achieving a flawless surface, place the samples in 
the drier. In order to remove carbon steel surface grease, place it in ethanol ultrasonic cleaning 15min. 
The washed samples are soaked for 15 seconds in a 1 M HNO3 solution. This activation step aims to 
eliminate the oxidation layer formed on the surface of the carbon steel and enhance the coating 
quality. After activation, rinse the substrate with deionized water and then leave it to air dry. 

2.3. Preparation of composite coatings 

Figure 1 shows a schematic diagram of the experimental setup for electrodeposition. In this 
experiment, the anode used epoxy resin to embed the five sides of the carbon steel sheet, leaving only 
a 1 cm2 area exposed, and it was connected with a copper wire. The electrodeposition experiment co-
deposited one h with 30 mA/cm2 current density at 35°C. The electroplating solution was stirred 
constantly with a magnetic agitator at a rate of 550 rpm during the experiment to keep the 
nanoparticles suspended in the solution at all times. Once the experiment is complete, flush the 
sample with deionized water for 10 seconds and then allow it to dry. The content of Y2O3 and Al2O3 
in the plating solution determines the composition of the deposited Zn-Y2O3-Al2O3 composite coating. 
The coating description is shown in Table 2. 

 

Figure 1. Schematic diagram of the experimental setup. 

Table 2. Simple codes and descriptions. 

Simple codes Simple descriptions 
C1 Zn 
C2 Zn-5g/L Y2O3-5g/L Al2O3 
C3 Zn-10g/L Y2O3-10g/L Al2O3 
C4 Zn-15g/L Y2O3-15g/L Al2O3 

2.4. Surface characterization 

The surface morphology of the composite coating was analyzed using environmental scanning 
electron microscopy (ESEM, USA). An X-ray diffractometer (XRD, DMAX, Riken Instruments Japan) 
operated with Cu-Kα radiation was used to analyze the phase structure of the composite coatings. 
The scanning rate was set at 5°/min, and the scanning range was 10° < θ < 90°. 

2.5. Electrochemical measurement 

Using an electrochemical workstation (Admiral, USA), electrochemical impedance spectroscopy 
(EIS) and linear sweep voltammetry (LSV) tests were conducted in a three-electrode system to 
evaluate the corrosion behavior of composite coatings. The three-electrode system consists of a 
composite coating as the working electrode, Ag/AgCl as the reference electrode, and a platinum plate 
electrode with a working area of 1 cm2. Before conducting the testing study, the coating samples were 
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immersed in a 3.5wt% NaCl solution for a specific period to obtain a stable open circuit potential 
(OCP). The linear sweep voltammetry test was conducted in a 3.5wt% NaCl electrolyte, with a 
potential range of -1.5 V~1.5 V and a scanning rate of 10 mV/s. The measurement of EIS ranges from 
0.1 Hz to 100000 Hz, with a disturbance voltage of 10 mV. 

2.6. Microhardness test 

Use a microhardness tester (VH1102, China) to test the hardness of composite coatings. The 
applied load is 50 g, and the loading time is 10 seconds. Select 10 points on the surface of each 
composite coating for hardness testing and take the average value. 

2.7. Contact angle text 

The static contact angle of the coating is measured using a contact angle detector (JY-PHb, 
China). At 25°C, the contact angle is measured on the surface of the coating by using three μL of 
deionized water droplets. The surface coating is tested at ten different locations to minimize 
experimental errors, and the average value is calculated as the final data. 

3. Results and discussion 

3.1. Deposition mechanism of nanocomposite coatings 

The formation mechanism of nanocomposite coatings is shown in Figure 2. When a stable 
voltage is applied to both ends of the electrode, Zn2+ in the solution migrates towards the cathode. At 
the cathode, electrons are gained, and an oxidation-reduction reaction occurs, forming Zn nuclei on 
the cathode's surface. At the same time, H+ in the solution combines with electrons to form H2, while 
OH- near the anode (Zn sheet) loses electrons and produces O2. During this process, the nanoparticles 
dispersed in the plating solution adsorb with Zn2+ and migrate towards the cathode surface. Upon 
reaching the cathode, they adsorb onto the metal surface to form a diffusion layer. When Zn2+ 
undergoes oxidation-reduction to form a Zn coating, the nanoparticles adsorbed by Zn2+ are 
embedded into the Zn coating, ultimately forming a nanocomposite coating. The reaction equation is 
as follows[25]: 

Cathode: 

Zn2+ + 2e- → Zn (1)

2H+ + 2e- → H2↑ (2)

Anode: 

Zn - 2e- → Zn2+ (3)

4OH- + 4e- → 2H2O + O2↑ (4)

 
Figure 2. Mechanism diagram of coating preparation by electrodeposition method. 
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3.2. X-ray diffraction (XRD) 

Figure 3 presents an X-ray diffraction (XRD) pattern of the Zn coating and the Zn-Y2O3- Al2O3 
coating with varying nanoparticle concentrations. Most of the diffraction lines in the X-ray diffraction 
pattern correspond to the hexagonal structure of Zn[11]. The Zn-Y2O3-Al2O3 nanocomposite coating 
has a structure similar to zinc coating, but the preferential orientation of Zn has changed. The 
diffraction diagram shows six distinct peaks at 36.6°, 43.5°, 54.6°, 70.3°, 77.3°, and 82.4° on standard 
PDF cards, corresponding to the Zn phase (002), (101), (102), (110), (004), and (112) planes. As depicted 
in the graph, the addition of Y2O3 and Al2O3 nanoparticles resulted in a significant increase in the 
(002) crystal diffraction peaks. The intensity of most of the remaining diffraction peaks weakened, 
indicating that the introduction of nanoparticles further enhanced the deposition orientation of the 
(002) crystal surface. Low-intensity Al2O3 peaks were observed in all Zn-Y2O3-Al2O3 coated XRD 
profiles. at 35.02 °, 57.86 ° and 65.89 ° respectively. This proves the successful co-deposition of Al2O3 
nanoparticles with zinc matrix. At the same time, low-intensity peaks of Zn-Y2O3-Al2O3 were 
observed in all Y2O3-coated XRD profiles. In 28.70°, 48.19°, and 57.29°, respectively, it was also proven 
that Y2O3 nanoparticles were successfully added to the zinc matrix. In addition, the peak width of the 
Zn-Y2O3-Al2O3 nanocomposite coating is slightly wider than that of the Zn coating. This is because 
the nanoparticles inhibit the growth of the crystals, resulting in a refinement of the crystal size[10]. 

 

Figure 3. XRD patterns of Zn Coating and Zn-Y2O3-Al2O3 Coating. 

3.3. Surface morphology of composite coatings 

Figure 4 shows the surface shape of the Zn-Y2O3-Al2O3 coating obtained by adding different 
concentrations of nanometer Y2O3 and Al2O3 particles to the electrolyte. As can be seen from the 
diagram, the surface of the pure zinc coating exhibits a flake crystal structure, which is observed to 
be unevenly distributed. The microstructure of the C3 coating is significantly better than that of the 
pure C1, C2, and C4 coatings, mainly in its dense organization and small grain size. The 
microstructure refinement of the composite coatings is mainly due to the introduction of 
nanoparticles, which are successfully and uniformly dispersed and encapsulated in the Zn matrix. 
The nanoparticles bound to the Zn matrix increase the number of nucleation sites, impede the growth 
of the crystals, and lead to the formation of small-sized grains. The surface of the C2 coating exhibits 
a partially dense microstructure and smaller grains. This can be attributed to the low concentration 
of incorporated nanoparticles, which reduces nucleation sites on the coating surface[15]. The surface 
of the C4 coating is rough, the grain size is large, and there are cracks and holes. This may be due to 
an excessive concentration of added nanoparticles. This results in the agglomeration of nanoparticles 
and increased stress within the composite coating[26]. Reduced grain size and a dense microstructure 
are always ideal for composite coatings with high hardness and excellent corrosion resistance[27]. 
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Figure 4. SEM images of Zn-Y2O3-Al2O3 coatings obtained from the deposition of different nanometer 
Y2O3 and Al2O3 concentrations in electrolyte (a) C1, (b) C2, (c) C3, (d) C4. 

3.4. Effect of particle loading on corrosion resistance 

Open circuit potential refers to the potential difference between the soluble metal electrode and 
the electrolyte due to the spontaneous redox reaction that occurs when the electrode is immersed in 
the electrolyte. This potential difference is referred to as the open circuit potential. The system is in a 
dynamic equilibrium at an open circuit potential. This means that the redox reaction occurring on the 
electrode and the reaction in the electrolyte are in equilibrium, and the electrode does not undergo 
significant corrosion. Figure 5a illustrates the change in the open circuit potential of pure Zn and Zn-
Y2O3-Al2O3 composite coatings over time in a 3.5wt% NaCl solution. As shown in the figure, 
compared with pure Zn coating, the composite coating exhibits a higher potential. This suggests that 
the composite coating performs better because it suppresses the anodic reaction and enhances the 
composite coating's anti-corrosion properties. 

The corrosion behavior of various composite coatings was studied using linear scanning 
voltammetry. Figure 5b shows the polarization curve of the Zn-Y2O3-Al2O3 composite coating in a 
3.5wt% NaCl solution at various concentrations of Y2O3 and Al2O3 nanoparticles. The self-corrosion 
current (Icoor) and corrosion voltage (Ecoor) fitted according to Tafel extrapolation are listed in Table 3. 
In general, the higher the positive corrosion potential of the coating, the lower the self-corrosion 
current density, indicating that the coating has a lower tendency to corrode[28]. As shown in Table 
3, the corrosion potential of composite coatings is higher than that of pure zinc coatings (Ecoor=1.18 V). 
This demonstrates how effectively increasing the Zn coating's resistance to corrosion may be 
achieved by using nanoscale Y2O3 and Al2O3 particles. A plating solution containing 10 g/L of nano-
Y2O3 and Al2O3 particles raises the composite coating's corrosion potential to 1.02 V. Meanwhile, the 
self-corrosion current density of the Zn-Y2O3-Al2O3 nanocomposite coating (Icoor=6.15×10-6) is 
significantly smaller than that of other coatings. From the perspective of corrosion kinetics, the 
corrosion rate of nanocomposite coatings is slower than that of pure Zn coatings. 
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Figure 5. (a) The open potential of Zn and Zn-Y2O3-Al2O3 composite coating in 3.5wt% NaCl solution 
immersion varies with time (b) Tafel curves of zinc and Zn-Y2O3-Al2O3 composite coatings in 3.5wt% 
NaCl solution. 

Table 3. Corrosion parameters of Zn-Y2O3-Al2O3 composite coating in 3.5wt% NaCl solution. 

Sample Ecorr (V) Icorr (A/cm2) 
C1 -1.18 6.64×10-5 
C2 -1.07 3.28×10-5 
C3 -1.02 6.15×10-6 
C4 -1.10 3.91×10-5 

Figure 5b illustrates that the current density of the Zn coating reduces as the reaction progresses 
in the cathode polarization region, covering the range from -2.0 V to -1.18 V. This is because electrons 
are attracted from the solution to the electrode surface and react with oxygen in the following manner: 

2H2O + O2 + 2e- = 4OH- (5)

When located in the anode polarization region from -1.18 V to 0.7 V, the current density of the 
Zn coating increases as the reaction progresses. This occurs when the coating begins to react with the 
electrolyte, primarily through the following reactions: 

Zn(s) = Zn2+ + 2e- (6)

However, as the reaction progresses, the change in current density stabilizes when the scanning 
potential increases above 0.7 V. The stability exhibited can be attributed to the creation of an oxide-
based passivation film on the surface of the coating, which impedes the rate of coating 
dissolution[29]. The formation of this film primarily occurs as follows: 

Zn2+ + 2OH- = Zn(OH)2 (7)

2Zn + O2 = 2ZnO (8)

In addition, particle agglomeration reduces its usability, resulting in reduced co-deposition 
efficiency and the formation of low-quality coatings[30]. When the concentration of these 
nanoparticles in the electroplating solution increased from 0 g/L to 15 g/L, the corrosion current 
density of the composite coating followed a pattern of initially decreasing and then increasing. When 
the nanoparticles are incorporated at a concentration of 10 g/L, the nanocomposite coatings exhibit 
minimal corrosion current density, indicating optimal corrosion resistance. The optimal particle load 
for achieving this resistance is 10 g/L of nanometer Y2O3 and 10 g/L of nanometer Al2O3. The particles 
in the electroplating solution are dispersed at the optimum level at this concentration. By forming 
these nanoparticles, an inert physical barrier is established on the coating’s surface, which reduces 
the effective contact area between the corrosive medium and the substrate metal, improving the 
coating’s corrosion resistance[13]. 
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Electrochemical impedance spectroscopy is a powerful electrochemical auxiliary technique 
commonly used to evaluate the corrosion resistance of the prepared coating surface[31]. AC 
impedance testing was conducted on the prepared composite coating to investigate its corrosion 
resistance further in a 3.5wt% NaCl solution. Figure 6a shows the Nyquist plots of different composite 
coatings obtained through EIS testing. It can be seen from the figure that a single capacitive ring with 
a circular arc shape is displayed from high frequency to low frequency. A relationship exists between 
the radius of the capacitive impedance arc and the charge transfer resistance, where a larger arc 
radius signifies a higher charge transfer resistance value and improved corrosion resistance 
performance of the coating.[32]. The impedance arc radius of the composite coating exhibits a trend 
of initially increasing and then decreasing as the doping concentrations of nano Y2O3 and Al2O3 are 
raised. The composite coating exhibits the largest impedance arc and superior corrosion resistance at 
a doping concentration of 10g/L for both nano Y2O3 and Al2O3. This finding aligns with the 
polarization curve test results of the composite coating. Using the Randles circuit model for fitting to 
explain the EIS results further, the equivalent circuit is shown in Figure 6b, characterized by only one 
time constant[33]. Within this equivalent circuit, Rs denotes the resistance of the electrolyte. CPE is a 
constant phase angle element, and a lower CPE value signifies a higher surface quality of the 
composite coating[34]. Rct stands for charge transfer resistance, which is associated with the corrosion 
rate and serves as a crucial parameter reflecting the corrosion resistance of composite coatings. A 
higher Rct value indicates superior corrosion resistance of the composite coating. The fitting data for 
the coatings are presented in Table 4, revealing that the maximum impedance modulus of all 
composite coatings exceeds that of pure Zn coatings (1385 Ω cm2). The impedance modulus reaches 
a remarkable value of 10257 Ω cm2 for the C3 coating, indicating its exceptional corrosion resistance. 

 
Figure 6. Zn and Zn-Y2O3-Al2O3 composite coating in a 3.5wt% NaCl solution;(a) Nyquist diagram;(b) 
Equivalent Circuit model;(c) Bode modulus diagram;(d) Bode phase diagram. 

Table 4. Impedance spectrum fitting results of different samples. 

Sample Rs (Ω cm2) Rct (Ω cm2) CPE-P CPE-T 
C1 4.781 1385 0.912 1.26×10-4 
C2 4.678 2304 0.840 4.79×10-4 
C3 4.539 10257 0.823 6.59×10-4 
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C4 4.384 6622 0.859 2.11×10-4 

Figure 6c shows the bode modulus diagram, and | Z | represents the impedance value of the 
composite coating. The impedance modulus in the low-frequency zone is frequently used to assess 
the corrosion resistance of the coating. Because the formation of a protective barrier, such as the 
corrosion product film, at the steel/coating interface, which effectively mitigates corrosion[35-37]. 
When the doping concentrations of nano Y2O3 and Al2O3 are both 10 g/L, the highest impedance value 
in Figure 6c is 6592.84 Ω cm2, indicating that the C3 coating has better corrosion resistance. In 
addition, at higher frequencies, a larger phase angle indicates the presence of a more stable dielectric 
film, and the stability of the coating is also better[38]. The maximum phase angle of C3 coating 
indicates that it has better stability and better barrier performance. 

3.5. Microhardness test 

In practice, the coating not only requires excellent corrosion resistance but also excellent 
mechanical properties. Therefore, the mechanical properties of the Zn and Zn-Y2O3-Al2O3 coatings 
are evaluated by microhardness testing. To mitigate experimental error, ten points are chosen 
randomly from each sample for hardness testing. The average value of these points is considered the 
sample’s hardness result. 

The hardness test results for the Zn and Zn-Y2O3-Al2O3 coatings are shown in Figure 7. Based on 
the graph, it is observable that the composite coating exhibits higher microhardness than the pure Zn 
coating. As the content of Y2O3 and Al2O3 nanoparticles increases in the plating solution, the hardness 
of the composite coating initially rises and then declines. The pure zinc coating has a hardness value 
of 148 Hv. However, when 10 g/L of nanoscale Y2O3 and Al2O3 particles are added, the hardness of 
the composite coating can reach 369 Hv, indicating a 2.5-fold increase compared to the pure Zn 
coating. The inclusion of nanoparticles significantly enhances the microhardness of the composite 
coating[39]. On the one hand, this is due to the excellent mechanical properties of nano Y2O3 and 
Al2O3 particles, which are uniformly dispersed into the Zn matrix, playing a dispersion-strengthening 
role. On the other hand, nanoparticles bound to the Zn matrix increase the number of nucleation sites. 
In addition, it hinders crystal growth, forming small grain sizes and promoting a more significant 
number of grain boundaries[18, 40]. The coating surface is dense, and this grain refinement helps to 
increase the hardness value of the coating[41]. At a concentration of 15 g/L of Y2O3 and Al2O3 
nanoparticles in the plating solution, the hardness of the coating decreases. This is due to the 
pronounced agglomeration behavior of the nanoparticles, leading to the formation of uneven areas, 
such as pores and cracks, on the surface of the composite coating. As a result, the dispersion-
strengthening effect of nanoparticles within the coating diminishes, causing a reduction in the 
hardness value of the composite coating. 
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Figure 7. Microhardness of different coatings. 

3.6. Contact angle text 

Variations in the surface morphology of Zn coatings can lead to differences in hydrophobic 
properties[42]. Figure 8 presents the static contact angle (CA) of the Zn-Y2O3-Al2O3 composite coating 
in deionized water at various doping concentrations of nano-Y2O3 and Al2O3 particles. The figure 
illustrates that the CA of the pure zinc coating is 62.2°, while the CA of the composite coating 
surpasses that of the pure Zn coating. As the doping concentration of nanometer Y2O3 and Al2O3 
particles increases, the CA of the composite coating initially exhibits an increment, followed by a 
decrement. In addition, the composite coating obtained when the additions of nanometer Y2O3 and 
Al2O3 particles in the plating solution were 10 g/L, respectively, had a maximum CA of about 120.9°, 
indicating excellent hydrophobic properties. The surface hydrophobicity test results for the 
composite coating align with the findings of the corrosion resistance assessment. This occurs because 
the non-uniform nanostructure present on the composite coating surface traps a significant volume 
of air within the material, leading to a considerable reduction in the contact area and contact duration 
between the coating surface and the corrosive medium. When the coating is submerged in a corrosive 
medium, the gas trapped on the coating’s surface creates a protective gas film between the corrosive 
medium and the metal surface, thereby enhancing the corrosion resistance of the hydrophobic 
coating within the corrosive environment[43]. 
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Figure 8. Contact angle of the different coatings. 

4. Conclusions 

The Zn-Y2O3-Al2O3 nanocomposite coating was successfully prepared on a Q235 steel plate using 
electrodeposition technology. This was done by adding nanoparticles to the plating solution. The 
research compared the impact of nanoparticles on the surface morphology, micro-hardness, 
hydrophobicity, corrosion, and resistance of composite materials. Findings suggest that the 
incorporation of nanoparticles augments the number of nucleation sites on the coating surface, 
impedes crystal growth, accomplishes grain refinement, and diminishes surface roughness. Due to 
grain refinement and dispersion strengthening, the hardness of Zn-Y2O3-Al2O3 nanocomposite 
coatings is significantly improved. According to research, the composite coating demonstrates 
favorable hydrophobicity and exceptional corrosion resistance at a nanoparticle dosage of 10 g/L. 
This can be attributed to the formation of an inert physical barrier on the coating surface by the 
nanoparticles. This barrier significantly reduces the contact time and surface area between the coating 
and the corrosive medium, effectively isolating the corrosive medium from the Q235 steel plate. 
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