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Abstract

:

To improve the surface properties of Mg alloys and expand the applications of CrN-based materials, composite CrSiN coatings consisting of amorphous Si3N4 and nano CrN phases have been prepared on AZ31 based on the theory of fine grain strengthening and multigrain boundaries. The effect of the thickness of the coating on the structure and properties was investigated. The microstructure was studied by means of X-ray diffraction (XRD), scanning electron microscope (SEM) and transmission electron microscope (TEM). The mechanical properties, adhesion properties, and corrosion resistance were investigated using a nanoindentater, scratch testers, and electrochemical workstations. The results show that the coating consists of a face-centered cubic CrN phase, that Si3N4 is not found in the diffraction pattern, and that the HRTEM images show a composite structure of amorphous and nanocrystalline phases. With the increase in deposition time (thickness), the surface roughness decreases, the defects disappear, and the interface has no visible defects. Moreover, the hardness and elastic modulus of the coating increase, corrosion resistance improves, adhesion performance first increases and then decreases. The adhesion between coating and substrate reaches the maximum when sputtering time is 50 min, which corresponds to the CrSiN thickness of 0.79 μm.
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1. Introduction


Magnesium alloys have attracted much attention in the aerospace, automotive, biomedical, electronics, and military industries due to their very low density, high strength-to-weight ratio, good ductility, good vibration and shock absorption, and great recovery potential. However, their disadvantages such as low hardness, poor wear and corrosion resistance have limited their further applications. Therefore, the surface properties of magnesium alloys need to be improved. Hard coatings which can endow Mg alloys with higher hardness, anti-corrosion, and wear resistance have been widely used to improve the surface properties of Mg alloys [1,2,3,4]. For instance, CrSiN coatings, especially nanocomposite CrSiN coatings have been used extensively in recent years. It is a kind of coating with high performance that is achieved by adding Si element to the traditional nitride hard coating to form an amorphous atomic layer (a-Si3N4) covering the nano microstructure of the nitride hard phase [5,6,7]. This kind of coating has the effect of fine crystal strengthening of the micro-nano structure and nailing of dislocation by grain boundaries, resulting in a high hardness of the coating [5,6,7]. In addition, amorphous atomic layers have attracted a lot of attention from researchers due to their ability to effectively suppress the infiltration of oxygen atoms into the coating along grain boundary defects under high temperature conditions and their excellent high-temperature oxidation resistance.



Nanocomposite CrSiN coatings are currently a hot topic. Shao et al. [6] studied the influence of microstructure on the tribo-corrosion behavior of CrSiN coatings by magnetron sputtering. Ge et al. [7] studied the tribological behavior of magnetron sputtering CrSiN coating with a Si content of 12.5% in three environments. Wang et al. [8] deposited Ni-CrSiN and Cu-CrSiN coatings on Ti6Al4V alloy wafers; they investigated and compared the mechanical and tribological properties of Ni-CrSiN and Cu-CrSiN coatings before and after thermal-cold cycling treatment. Fu et al. [9] prepared a series of CrSiN coating with various Mo contents on Ti6Al4V alloys and studied the tribological and electrochemical behaviors of the coatings. The results suggested that Mo element promoted the wear mechanism transforming to tribochemical wear, and the more Mo doping enhanced the tribological performance and presented the lowest wear rates of 2.27 × 10−7 mm3/N·m and 8.12 × 10−8 mm3/N·m for tribopairs of Cr(Mo)SiN/Al2O3 and Cr(Mo)SiN/Si3N4, respectively. Furthermore, the CrMoSiN coating showed a low corrosion rate of 0.58 × 10−3 mm/year.



However, throughout the numerous reports, very few studies have been performed on the thickness of nanocomposite CrSiN coatings, which has a large impact on the properties of hard coatings such as adhesion, mechanical, and physical properties. Moreover, most of the investigations involved have focused on the friction and wear properties, that are the mechanical properties of coatings, and there has not been much research on corrosion resistance. In particular, the study of nanocomposite CrSiN coatings is more important for the protection of Mg alloys due to having more grain boundaries, which can greatly prevent the diffusion of caustic ions into the Mg alloy matrix and extend the diffusion path of caustic ions. Therefore, in this work, nanocomposite Cr/CrN/CrSiN coatings were fabricated by magnetron sputtering on the surface of AZ31 alloy. The effect of the coating thickness (adjusting via deposition time) on the structural, mechanical, binding and corrosion resistance of the coatings has been investigated. This has practical implications for expanding the applications of lightweight alloys and developing high-performance hard coatings.




2. Materials and Methods


AZ31 was cut into 20 mm × 15 mm × 5 mm thin slices using DK7735 CNC (Xiongfeng Co., Ltd., Shenzhen, China) wire cutting machine. After mechanical grinding, polishing, ultrasonic cleaning in acetone and anhydrous ethanol solutions, the AZ31 slices were loaded into a magnetron sputtering vacuum chamber. The slices and Cr target are respectively pre-sputtered under the joint action of DC (0.5 A) and bias (−500 V) power supply, to ensure the purity of the coating and produce a micro-convex structure on the surface of the substrate to enhance the adhesion. First, a pure Cr target was prepared by DC magnetron sputtering in an argon atmosphere. Then, nitrogen was introduced to prepare intermediate CrN layer, and finally tetramethylsilane (TMS) was introduced to prepare a nano-composite CrSiN layer. The specific parameters are listed in Table 1. The distance between the target and the substrate is 80 mm, the background vacuum is 1 × 10−3 Pa, the working pressure is 0.5 Pa, and the deposition temperature is 200 ℃ (measured by thermocouple). Generally speaking, the residual stress of coating increases with the increase in thickness, so the prepared coating should not be too thick, controlled within 1.2–2.2 μm.



The phase structure was analyzed using a D8 Advance X-ray diffractometer (XRD; Bruker, Billerica, MA, USA), which employed a diffraction geometry with a small incidence angle. An incidence angle of 1°, tube voltage of 40 kV, tube current of 40 mA, step size of 0.1°, and the scanning speed of 4°/min was used. The surface, cross section and corrosion morphology of the coating were observed by JSM-6700 scanning electron microscopy (SEM, FEI, Hillsboro, OR, USA). Then, the coated surface after ion thinning was performed to observe high-resolution images (HRTEM) using Tecnai F20 transmission electron microscopy (HRTEM, FEI, Hillsboro, OR, USA). The WS-2005 adhesion scratch tester (Zhongke Kaihua Co., Ltd., Lanzhou, China) was used to evaluate the binding properties between the coating and the substrate. A diamond scratch needle was used with a load of 20 N, a scratch of 3 mm, and a loading rate of 20 N/min. The intensity of the acoustic emission (AE) signal was continuously recorded during scratching, with the critical load for sustained cracking of the coating specified as L1 and the critical load for substrate exposure as L2. The L2 is often used to determine the final adhesive properties of coatings [10,11,12]. The surface mechanical properties (including nano hardness and elastic modulus) were measured with 5 mN load, using a nanoindentation apparatus (Agilent Technologies, Palo Alto, CA, USA). A diamond tip with Φ100 μm, the loading and unloading speed was 6 mN/min, and the load kept for 10 s. During the test, the indentation depth was less than 1/10 of the coating thickness, and the average value of 5 points was measured [13,14]. A CHI760e electrochemical workstation (Chenhua Co., Ltd., Shanghai, China) was used to test the corrosion resistance of the coating in a 3.5 wt.% NaCl solution. The Pt plate was used as the auxiliary electrode, the saturated calomel electrode (SCE) was used as the reference electrode, the test sample was used as the working electrode, and the contact area between the coating and the solution was 1 cm2. Before testing, the open circuit potential (OCP) was immersed for 30 min, after which the potentiodynamic polarization curve was tested [15]. The polarization curve was scanned at a speed of 1 mV/s and the alternating current impedance was perturbed at a frequency of 10 mV in the range from 0.01 to 104 Hz.




3. Results and Discussion


3.1. Microstructure


Figure 1 shows the XRD pattern of the composite coating. It is clearly observed that the coatings with different deposition time (thickness) have the same diffraction peak shape, the crystal plane index is unchanged, the diffraction peak intensity is low, and the full width at half maximum (FWHM) is large, indicating that the grain size is small. Here, the Debyes-Scherrer equation was used to calculate the grain size of the coating, as shown in Equation (1). According to Equation (1), there is little change in the grain size with an increase in thickness, the calculated values are 13.25 nm, 12.57 nm, 11.61 nm and 11.43 nm, respectively. There is only CrN phase with FCC structure in the diffraction pattern, corresponding to (111), (200), (220) and (311) crystal planes, respectively. No diffraction peaks of the Si or Si3N4 phases are detected in the diffraction pattern. It has been inferred that the reaction of Si with N2 atoms generates an amorphous structure, hence it is not detected in Figure 1. This result is consistent with other studies containing Si and N elements [16,17]. It can be determined that the coating is a composite structure in which the CrN nanocrystal coexists with the Si3N4 amorphous phase. This composite structure, consisting of a crystalline phase and an amorphous phase, helps to suppress the growth of CrN columnar crystals, thus improving the corrosion resistance of the coating. In addition, with the increase in deposition time (thickness), the diffraction peak shifts to a lower angle, indicating that the residual tensile stress increases with an increase in coating thickness.


  D =   k λ   β cos θ    



(1)




where k is 0.89, β is the half-height and width of the diffraction peak (in radian), λ is the incident X-ray wavelength (0.154 nm), θ is Bragg Angle (°), D is the grain size (nm).



Figure 2 shows the morphology of the coatings for different sputtering times. Figure 2a demonstrates that the surface roughness of the coating is large, and the surface is distributed with pits of different sizes and shapes. The pits are not very deep, and the coating is not complete and continuous, resulting in poor density. After 35 min of sputtering, Figure 2b shows there are no pits on the coating surface and only a few pinhole defects. The pinholes are small in size and the coated surface is smooth and continuous. Figure 2c shows, after sputtering for 50 min the surface of the coating is still smooth, the number of surface defects decreases further, and the coating is complete and continuous. After sputtering for 75 min, Figure 2d exhibits that the coating is very smooth, complete and continuous, and the surface shows black contaminants of irregular size and shape, mainly from the Cr target, or from residual organic solutions from the preprocessing of the AZ31. The TR210 handheld roughness tester (accuracy: 10 nm) shows that the average roughness of the coating is 23.5 nm, 25.7 nm, 27.9 nm, and 29.1 nm, respectively, indicating that the surface roughness reduces with an increase in coating thickness.



Figure 2e,f show the FESEM morphology of the cross section of the 35 min and 50 min coatings. As the base Cr layer has a deposition time of only 5 min, the Cr layer is very thin and is not clearly observed in Figure 2e,f. The total thickness of the Cr bottom layer and CrN intermediate layer is about 1.13 μm, the thickness of 35 min coating and 50 min coating is about 1.133 μm and 1.129 μm, respectively. The coating interface is well bonded and relatively uniform in thickness, with no significant defects. Figure 2g shows the high-resolution TEM image (HRTEM) of the 50 min coating. It is clearly visible that the coating structure is a mixture of nanocrystalline and amorphous structures. The EDS test results in Figure 2g show that the coating mainly contains Si and N elements, they form Si non-crystal phase or Si3N4 amorphous phase. After confirmation, the interplanar spacing of 0.239 nm corresponding to CrN (111) crystal plane, and the d-spacing of 0.207 nm corresponding to CrN (200), confirming that the coating is a composite microstructure of amorphous phase coated nanocrystal CrN phases, in high agreement with the XRD patterns presented in Figure 1.




3.2. Mechanical Properties


Table 2 shows the test results for nanoindentation of the composite coatings at different deposition times, with the corresponding bar plots shown in Figure 3. Table 2 and Figure 3 show that the mechanical properties of the coating are enhanced as the coating thickness increases. The hardness (H) of the films is 10.89 GPa, 15.31 GPa, 19.17 GPa, and 21.45 GPa, respectively. The elastic modulus (E) values are 121.5 GPa, 145.2 GPa, 170.9 GPa, and 185.2 GPa, respectively. As the thickness of the coating increases, the values of H and E increase. From the XRD pattern (Figure 1), the diffraction peak gradually widens, the grain size of the coating decreases, and the fine grain strengthening of the micro-nano structure play a good role in grain boundary strengthening. Moreover, the HRTEM images in Figure 2g show that the coating is a composite microstructure of amorphous and nanocrystalline, that is, the amorphous phases enclose the CrN nanocrystals, which hinders the growth of CrN grains. According to the Hall-Petch theory [18], the hardness of a material is inversely proportional to the grain size, so the hardness of the coating gradually increases. On the other hand, the strong interface between the amorphous phase and nanocrystalline CrN can prevent dislocation proliferation and grain boundary sliding, which also increases the hardness of the coating [19,20]. Moreover, as the sputtering time increases, the thickness of the coating increases, and the increase in mechanical properties is also related to the increase in the stress level due to the increase in thickness.



Moreover, the values of H/E and H3/E2 are often used to evaluate the mechanical properties of samples [5,19], and they are typically used to characterize the resistance to elastic strain [21,22,23], as shown in Table 2 and Figure 3. As the deposition time increases, the coating becomes more elastic, which could be due to decreased grain size and increased interface area, thereby limiting dislocation gliding [21,22,23]. Therefore, the thickest coating (65 min) exhibits the highest H/E and H3/E2 ratio of all the coatings, and the thinnest coating (20 min) exhibits the lowest H/E and H3/E2 ratio of all the coatings, suggesting the H/E and H3/E2 ratios increase with an increase in coating thickness. Moreover, it also indicates that the coating has better mechanical properties with increasing thickness.



Figure 4 shows the AE signal of the coating during the scratch test. Due to the hard coating deposited on the soft substrate, the deformation of the hard coating and the soft substrate is inconsistent under the action of external forces. The physical parameters of the AZ31 substrate and the coating are quite different, so that the binding force of the coating is not too high on the whole. As the sputtering time is extended, that is, as the thickness of the coating increases, the binding force between the coating and the substrate increases. Due to the large number of pits on the coating surface, the 30 min coating is not dense and continuous, and therefore the adhesion to the substrate is poor. The coating starts to detach from the substrate with a corresponding load of 5 N. However, the bonding properties improved significantly at a sputtering time of 35 min, and the coating started to detach from the substrate at a dynamic loading of 7.4 N. In the case of the 50 min coating, due to the improved surface quality, the bonding properties are further improved, and the corresponding critical load is 10.3 N. For a coating with a sputtering time of 65 min, we do not see a significant spike position on the AE curve (in the range of 20 N), but a significant fluctuation can be observed when the dynamic load exceeds 16.6 N. Although the internal stress of the coating increases with the thickness (confirmed by the XRD pattern), this decreases the adhesion of the coating to the substrate. However, Figure 4 illustrates that the adhesion of the coating increases as the thickness of the coating increases, indicating that the internal stress of the coating does not affect the bonding properties of the coatings, which is in the range within 2 μm.




3.3. Corrosion Behavior


Figure 5a shows the electrochemical polarization curve, and Table 3 shows the polarization parameters obtained from Figure 5a using the Tafel extrapolation method. It can be seen from Figure 5a that the corrosion potential (E) of the coating increases significantly in the positive direction compared with AZ31, and the corrosion current density (Icorr) decreases by two orders of magnitude compared with AZ31 (AZ31 tested under the same conditions: E = −1.545 V, Icorr = 7.78 × 10−4 A·cm−2), indicating that the coating has good protection. However, when E is increased beyond −1 V, the anodic reaction zone of the 20 min coating fluctuates, indicating that the coating is damaged by pitting, which occurs at pits on the surface of the coating. Figure 5a also presents that the 35 min coating has a higher E value than that of the 20 min coating, and the corresponding Icorr value is lower than that of the 20 min coating, indicating that it is more resistant to corrosion than the 20 min coating. In addition, the current density in the reaction zone of the anode increases slowly without significant fluctuations, indicating its better corrosion resistance. In case of the 50 min coating, the corrosion potential of the coating continues to increase, the corrosion current density is slightly reduced, and the corrosion resistance of the coating is further improved, owing to the number of defects in the coating is further reduced, and the density and continuity of the coating is enhanced. When the sputtering time reaches 65 min, the thickness of the coating is at a maximum and there are no significant defects on the surface of the coating, so the corrosion potential is highest and the corrosion current density is lowest.



Figure 5b shows the Nyquist plots from EIS. It shows that, over the whole frequency range, the coatings of different thickness consist of only a high-frequency capacitive reactance arc, suggesting a strong capacitance resistance [24,25,26], and the radius of the capacitive reactance arc is significantly different. This meant the CrSiN coating acted as an insulated barrier preventing the electrolyte from invasion. It is well known that the larger the radius of the capacitive reactance arc, the weaker the charge transfer capability [25,26], the larger the corresponding Faraday impedance, and the better the corrosion resistance of the coating. As can be seen from Figure 5b, the 65 min coating has the largest radius of capacitive loop, while the 20 min coating has the minimum, indicating that the coating with 65 min sputtering has the best corrosion resistance, while the coating with 20 min sputtering time has the worst corrosion resistance. Figure 5b also demonstrates that the physical isolation effect of the coating was enhanced, and the corrosion resistance of the coating was improved by increasing the thickness. It was because of this, the more nanocrystalline CrN formed in coating lead to interruption of the column-like microstructure, and the coating became more complete and denser as the deposition time increased. For the same reason, the charge transfers resistance of the composite coating kept increasing with the increase in the thickness, and 65 min coating showed the highest resistance due to its mixed structure.



Figure 5c shows the Bode-|Z| plots of the samples. Generally speaking, the |Z| value at low frequency indicates the coating barrier characteristics; hence, a higher |Z| at 0.01 Hz in the impedance curve indicates more substantial anticorrosion properties [24,25,26]. As seen in Figure 5c, we find that the resistance of CrSiN-20min coating is around 1680 Ω, while those of CrSiN-35 min, CrSiN-50 min and CrSiN-65 min coatings increase to 3680 Ω, 5630 Ω and 7200 Ω, indicating that the coatings present high impedance, and the value increases with the increasing deposition time. This demonstrates that the coating thickness effectively enhanced the anticorrosion and blocked the penetration of corrosive ions. The EIS data revealed the corrosion resistance of coated AZ31 had increased significantly, and the CrSiN coating has good protection for AZ31.



In order to further study the corrosion resistance of the coating, the corrosion rate Rcorr of the coating was calculated according to Faraday’s Law, as shown in Equation (2) [15], and the corrosion protection rate Pe of the coating was calculated by Equation (3) [27]. The results of the calculations are given in Table 3. As can be seen from Table 3, the 65 min coating has the lowest Icorr value with a corrosion rate of 0.048 mm/year and the highest protection rate of 99.72%, showing good corrosion resistance. In contrast, the 20 min coating behaves with the opposite trend. Table 3 shows that the corrosion resistance of the coating increases with thickness, which is in the range of thicknesses studied in this paper.


    R   c o r r   =   M   I   c o r r     n F ρ   × 87,600  



(2)






    P   e   % =   1 −     I   c o r r       I   c o r r   0       × 100 %  



(3)







Here, M is the relative atomic mass of the substrate; n is valence; ρ represents density of the substrate; F denotes the Faraday’s constant of 26.8 A·h/mol. Pe is corrosion protection rate; Icorr is the corrosion current density of the coating;     I   corr   0     is the corrosion current density of the matrix.



Figure 6 shows the corrosive morphology of a coating immersed in a 3.5 wt.% NaCl solution for 7 days. Figure 6a shows that the corrosion cracks in the left half of the corrosion surface of the 20 min coating are deep and wide, and the crack propagation is long. There is no visible corrosion damage on the right half. As can be seen from Figure 6b, after 35 min of deposition, serious corrosion cracking occurred on the surface of the coating after corrosion. The crack expands at the center of the pinhole, and the crack is relatively broad. Figure 6c shows that no cracks appear on the surface of the 50 min coating under the same conditions, and there are only pits and gullies left by corrosion failure. Corrosion occurs at the grain boundaries of the CrN phase at large grain sizes. Figure 6d shows that the surface cracks of the coating deposited for 65 min are narrow, the number of cracks is small, and the corrosion surface roughness is large, but the corrosion is relatively not serious, showing relatively good corrosion resistance of the 65 min coating.



In order to understand the electrochemical construction of coatings system, the equivalent circuit (EC) was used to fit EIS data, using ZsimpWin software, as shown in Figure 7. In Figure 7, the Rs is solution resistance from the end of the salt bridge of the reference electrode to the electrode surface, CPEdl1 and CPEdl2 are the double layer capacitance, Rct is the charge transfer resistance of the electrode reaction due to the double layer of charge at the interface of AZ31/electrolyte, and the Rp is the pore resistance of the solution. Generally, the coating acted as a capacitive layer isolating the substrate from the corrosive solution. Furthermore, the chemical reaction occurred on the interface of the solution/coating or solution/substrate, leading to the double layer generating on the interface between the two phases [9]. The fitting parameters are shown in Table 4. Here, the constant phase element (CPE) is used to represent a non-ideal capacitor that describes the difference from an ideal capacitive behavior [9,24,28]. Its impedance was expressed as:


  Z =   1  /      Y   0       j w     n        



(4)




where Y0 is the capacitance (Ω−1 sn cm−2), ω is the angular frequency (rad/s), and n is the CPE power that represents the deviation degree from an ideal capacitor.



The charge transfer resistance Rct can be used to evaluate the corrosion resistance of the coatings. Obviously, with an increase in coating thickness, the Rct and Rp increase from 7.84 × 105 to 2.16 × 106 Ω·cm2 and from 1857 to 8330 Ω·cm2, respectively. While the CPEdl1 and CPEdl2 decrease with the deposition time. Thus, Table 4 shows that the coating is more resistant to corrosion with the coating thickness. As compared with the four groups, it demonstrates that the block effect of CrSiN-65 min coating is the highest, and it is more resistant and more protective than the other group. In general, metallic nitride coatings are chemically stable and are not susceptible to corrosion by chemical media. However, the corrosion resistance of these coatings by physical vapor deposition is lower than the theoretical corrosion resistance due to defects in the coating that create corrosive dielectric channels, resulting in gaps and galvanic corrosion between the coating and the substrate along the defects. Fortunately, the increased thickness of the coating happens to fill in the holes and pits on the coating surface, similar to patching, so that the coating becomes better resistant to corrosion as the deposition time increases.





4. Conclusions


The details of the conclusion are summed up as follows:




	(1)

	
The CrSiN coating is a composite structure consisting of amorphous and nanocrystalline CrN. The thickness has little effect on phase structure, grain size, and plane index, but the internal stress of the coating increases with increasing thickness.




	(2)

	
With the increase in deposition time, the surface becomes smooth, the defects decrease, and the coating is well combined with the substrate.




	(3)

	
With the increase in deposition time, the hardness and elastic modulus of the coating increase, and the coating has good mechanical properties. The adhesion between the coating and the substrate increases. When the deposition time is 65 min, the binding force between the coating and the substrate reaches the maximum, and the corresponding thickness of the CrSiN layer is 0.85 μm.




	(4)

	
With the increase in deposition time, the corrosion potential increases, the corrosion current density, and the corrosion rate decrease, the protection rate increases, and the corrosion resistance of the coating improve. The corrosion resistance of the coating is best with a sputtering time of 65 min. In summary, the optimal sputtering time for the composite Cr/CrN/CrSiN coating in this work is 65 min; however, due to the limited time, only the coatings with a deposition time of 65 min (thickness about 2.2 μm) are represented in this work. The microstructure, corrosion, and wear resistance of the coatings with a thickness of 2~5 μm will be the main work of our next research.
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Figure 1. XRD patterns of the composite coating. 
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Figure 2. Morphology observation of the composite coatings (a) 20 min; (b) 35 min; (c) 50 min; (d) 65 min; (e,f) cross-section of 35 min and 50 min; (g) HRTEM of 50 min. 
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Figure 3. Mechanical property index of the Nano-indentation test. (a) H and E; (b) Elasticity factor (H/E) and shaping factor (H3/E2). 
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Figure 4. A.E curves of the coatings during the scratch test. 
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Figure 5. (a) Polarization curves; (b) Nyquist plots; (c) Bode-Z plots. 20 min−1.4 μm; 35 min−1.66 μm; 50 min−1.92 μm; 65 min−2.26 μm. 
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Figure 6. SEM morphology of corrosive coatings (a) 20 min; (b) 35 min; (c) 50 min; (d) 65 min. 
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Figure 7. Equivalent circuits to fit. 
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Table 1. The specific deposition parameters of the coating.
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	Layer
	Bias Voltage

(V)
	DC

(A)
	Ar Flow

(sccm)
	N2 Flow

(sccm)
	TMS Flow

(sccm)
	Time

(min)





	Cr
	−30
	0.5
	30
	0
	0
	5



	CrN
	−30
	0.5
	30
	10
	0
	50



	CrSiN
	−30
	0.5
	30
	10
	5
	20, 35, 50, 65
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Table 2. Experimental results of nano-indentation test.
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	Indexes
	20 min
	35 min
	50 min
	65 min





	H/GPa
	10.89
	15.31
	19.17
	21.45



	E/GPa
	121.5
	145.2
	170.9
	185.2



	H/E
	0.0896
	0.1054
	0.1122
	0.1158



	H3/E2 GPa
	0.0875
	0.1702
	0.2412
	0.2877
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Table 3. Potentio-dynamic polarization parameters of the coatings.
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	Samples
	Ecorr (V)
	Icorr (A·cm−2)
	Rcorr (mm/year)
	Pe (%)





	20 min
	−1.184
	6.64 × 10−6
	0.147
	99.15



	35 min
	−1.129
	5.09 × 10−6
	0.125
	99.32



	50 min
	−1.074
	4.38 × 10−6
	0.075
	99.56



	65 min
	−1.039
	2.35 × 10−6
	0.048
	99.72
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Table 4. Characteristic of the equivalent circuit derived from the EIS spectra.
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	Coatings
	Rs (Ω cm2)
	CPEdl1 (Ω−1sn cm−2)
	CPEdl2 (Ω−1sn cm−2)
	Rct (Ω cm2)
	Rp (Ω cm2)





	20 min
	35
	8.15 × 10−6
	7.58 × 10−6
	7.84 × 105
	1850



	35 min
	37
	7.76 × 10−6
	7.06 × 10−6
	9.75 × 105
	3850



	50 min
	38
	7.03 × 10−6
	6.35 × 10−6
	1.38 × 106
	6050



	65 min
	41
	5.95 × 10−6
	5.88 × 10−6
	2.16 × 106
	8330
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