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Abstract

:

Tin matrix nanocomposite coatings containing ZnO and NiO nanoparticles, both individually and combined, were deposited on low carbon steel substrates. The aim was to investigate the effect of reinforcement of nanoparticles on microstructural morphology and thickness of tin coatings, modification in the interfacial layer between coating and substrate, and the corrosion resistance of low carbon steel substrate. Optical and scanning electron microscopy were employed for microstructural observation, while potentiostat-galvanostat was utilized for electrochemical investigation. It was found that the tin nanocomposite coatings with nanoparticles significantly modified the coating thickness, intermetallic layer thickness, and surface corrosion resistance. Coatings through the direct tinning process are considered to be a simple and low-cost route for protecting metallic materials from corrosion, and the presence of ZnO and NiO nanoparticles in tin coatings further increases the corrosion resistance of low carbon steels.
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1. Introduction


The improvement of surface properties of steel alloys has always been a crucial criterion for their use in advanced engineering applications such as petrochemical processes, automotive industries, and energy transformation. During the application of these alloys, they are exposed to tough environmental conditions such as high temperatures, humidity, corrosion, and wear. Such a severe surrounding environment leads to the corrosion of these materials in shorter times. The corrosion effects always minimize the lifetime, functionality, and safety of these metallic materials. Corrosion is considered one of the most occurring problems in metallic industrial equipment which affects the service life of the equipment and increases the service and maintenance cost. For example, in the automotive industry, corrosion problems are always found at heat sinks, pistons, engine bearings, hose couplings, gear assemblies, carburetors, fuel injectors, shock absorbers, and exhaust system components [1].



Surface modifications of steel alloys offer an attractive solution to combat the damaging effects of corrosion. Surface modifications of metallic alloys were investigated via different techniques including gaseous, solutions and molten or semi-molten states using hot-dipping, thermal diffusion, thermal spraying, packing, and oxidation processes [2,3,4,5,6,7]. In these techniques, the selection of the composition of the coated materials is one of the main factors which determine the success of the coating process. Recently, tin (Sn) is becoming the key element in the compositional design of most metallic coating materials which improve the corrosion and oxidation resistance, conductivity, and wear property of metallic substrates [8,9,10]. The hot-dipped tinning and electrotinning processes are now recommended for many engineering applications due to their cost-effectiveness and ease of controlling and optimizing. In electronics industries, the hot-dipped tinning process has gained wide applications ranging from electronic connectors, lead frames, and integrated circuit plates to current collectors [11]. The use of tin was found to greatly improve the oxidation resistance, conductivity, and wear-resisting properties of substrates [12,13].



One of the most important challenges during tinning of metallic substrates is the phase transformation at coating/substrate interface and the formation of intermetallic compounds (IMCs) which greatly reduce the adhesive strength and the formation of a mechanical bond between coatings and substrates. In order to perform an effective tinning process, the composition, morphology, and thickness of the tin coated layer over the metallic substrates should be adjusted and optimized. The addition of microalloying elements and/or nanoparticles may be a good solution to control the morphology and interface characteristics of the tin coating layer.



Previously the microstructures changes and phase constitutions of the coated layer during the coating process were investigated together with measuring the thicknesses of the intermetallic layers in order to clarify the interaction between mild steel and coated layer [14,15,16,17,18,19,20,21,22,23]. It was found that the addition of some alloying particles such as Si, Zn, Cr, Al2O3, and others to the coated layer improves the mechanical properties and durability of the coated steel. This can be attributed to the decrease in the thickness of the undesirable intermetallic compound layer that makes the interface between the intermetallic compound layer and substrate smooth and uniform.



Authors of the present work in their previous investigations have handled the direct tinning process over the steel substrates from different viewpoints [24,25,26,27,28,29]. Especially the effect of process parameters on the interfacial microstructural changes was studied in detail. In a specific study [28], the effect of the addition of alumina nanoparticles to tin coating layer during tinning process on the interfacial microstructure and corrosion behavior of mild steel was investigated. It was found that the presence of alumina nanoparticles in the coating layer improved the surface properties of mild steel substrates. The tin composite coating layer with a relatively high quantity of alumina nanoparticles exhibited better corrosion resistance than other coated layers without nanoparticles. It was concluded that a coating layer with 0.50 wt.% alumina nanoparticles is highly recommended for achieving better corrosion resistance for coated mild steel with minimal coating layer defects.



Accordingly, the present work develops a promising solution for the modification of surface properties of low carbon steels through direct tinning processes using tin nanocomposite reinforced with nano-sized particles of NiO and/or ZnO. It’s well known that NiO is highly resistant to corrosion, while ZnO is a multifunctional material due to its exceptional physiochemical properties and broad usefulness [30,31]. It is expected that the presence of these nanoparticles in the tin coated layer will greatly enhance the surface properties and consequently increase their lifetime and protect them from corrosion. The interfacial microstructure of the produced coated materials together with the corrosion behavior was investigated for different compositions of tin coated layers.




2. Experimental


2.1. Synthesis of Nanoparticles


Two kinds of nanoparticles, i.e., ZnO and NiO, were used in the present investigation. The nano-sized NiO powder was prepared through the thermal decomposition of nickel acetate Ni((CH3COO)2·4H2O) (WINLAB with assay 98%) at 500 °C for 2 h in a muffle furnace (DMF-12 Humanlab Instrument Company, Seoul, Korea). The size of the obtained NiO powder was reduced to nanoscale through the ball milling process (Photon Ball Mill, Photon Scientific Company, Qalyub, Egypt) for 1 h at 600 rpm [32]. The nano-sized of ZnO was synthesized using the well-known up-down approach [33]. Briefly, pure ZnO powder (Adwic with assay 98%) was used as the starting material and milled at 600 rpm for 24 h in a stainless-steel vial under atmospheric pressure and room temperature using stainless steel balls. The ball to powder ratio was 10:1. Very fine nano powder with few nanometers was obtained after milling.




2.2. Coating Process


Low carbon steel specimens as shown in Table 1 of approximately 35 × 35 × 5 mm3 were cut from a long steel sheet and used as substrates in the present study; the chemical composition is given in Table 2. The specimens were ground with emery papers of up to 400 grit size. The specimens were coated by Sn-metal reinforced with nanoparticles of ZnO (0.25 wt.%), NiO (0.25 wt.%), and ZnO/NiO mixture (0.25 wt.% each) through direct tinning technique [28]. The tinning process was performed on steel substrates using tin powder (with and without nanoparticles) mixed with a flux. The flux constituents were: 24 g ZnCl2, 6 g NaCl, 3 g NH4Cl, 1 mL HCl and 1 mL H2O. 1 g of pure Sn powder was mixed with 10 g of flux and the estimated ratio of nanoparticles (0.25 wt.%). A layer of the mixture amounting to 0.2 g/cm2 was distributed on the steel surface area (35 mm × 35 mm). The coated steel substrates were subsequently heated on a hotplate for 2.5 min at 350 °C. After the tinning process, the steel substrates were cooled to room temperature and washed with warm water to remove the remaining flux from the surface of tin layer. The cross-sectional surfaces of the coated specimens (S0–S4) were ground with emery papers of up to 1200 grit size and etched with nital (4% HNO3 in ethyl alcohol) for microstructural observation.




2.3. Microstructural Characterization


Optical and scanning electron microscopes (Field Emission Scanning Electron Microscope, Zeiss Sigma, Oberkochen, Germany) were used to investigate the surface morphology and the microstructures of the coatings and interfaces. The chemical compositions of the interfaces of the coated layer were analyzed using energy-dispersive X-ray spectroscopy (EDS) (Zeiss Sigma, Oberkochen, Germany). The thickness of the surface layers was measured using the Image Analyzer Software (Olympus GX51, Tokyo, Japan). The average thickness of layers was obtained for each sample after measuring at different areas. The phases and crystal size of the prepared nanoparticles were investigated using X-ray diffraction (XRD, PANalytical Empyrean, Eindhoven, The The Netherlands) using CuKα radiation at an accelerating voltage of 40 kV and a current of 35 mA at a wavelength of λ = 1.54045 Å. The microstructures and morphologies of the nano-sized particles were determined by high-resolution transmission electron microscopy (HRTEM, JEM2100, Jeol, Tokyo, Japan), operated at an acceleration voltage of 200 kV.




2.4. Corrosion Test


For electrochemical measurements, a three electrodes electrochemical cell (PGSTAT-302N Autolab Potentiostat-Galvanostat) (Metrohm, Amsterdam, The Netherlands) that accommodates for 0.200 L solution was employed. The test samples served as the working electrode, a silver-silver chloride (Ag/AgCl in saturated KCl solution) (Metrohm, Amsterdam, The Netherlands) was the reference electrode, and a Pt sheet was the counter electrode. The potentiodynamic cyclic polarization (PCP) data was obtained between −1.2 V and 0.0 V at a 0.00167 V/s scan rate. The electrochemical impedance spectroscopy (EIS) plots were collected from the values of the open circuit potential (OCP) for a frequency scan range between 100,000 Hz and 0.1 Hz at an AC wave of 5 mV peak-to-peak overlaid.





3. Results and Discussion


3.1. Characterization of the Starting Materials


The microstructure of low carbon steel substrate (S0) is shown in Figure 1; the common phases of ferrites and pearlites can be observed. The percentage of the two phases is mainly verified by the lower carbon percentage of the steel substrate. The amounts of the two phases in microstructure verify the carbon percentage present in low carbon steel.



The SEM-TEM images and XRD patterns of the as-prepared particles are shown in Figure 2 and Figure 3, respectively. The SEM images and the particles size investigations for multi-areas of ZnO and NiO specimens (obtained from SEM images and image analyzer measurements) showed that the as-prepared ZnO particles were in both rod and spherical shapes with average particles size of about 95 ± 10 nm. However, the as-prepared NiO specimen showed spherical shapes with average particles size of about 60 ± 7 nm.




3.2. Microstructural Changes Accompanying Tinning Process


The cross-sectional microstructures of low carbon steel substrates with tin coating and tin-nanocomposite coatings containing ZnO and/or NiO nanoparticles are presented in Figure 4. It can be observed that the morphology of the coating layer plays an important role in the formation and nature of the intermetallic layer of Sn-composites coatings. Furthermore, the thickness of surface and intermetallic layers of tin-composites coating layers are highly affected by the presence of reinforced nanoparticles materials. The low carbon steel substrate coated only with tin (without nanoparticles addition) shows an irregular and very thin coated layer with a minimum thickness (Figure 4a). However, the presence of ZnO nanoparticles in the coating layer (Figure 4b) shows and relatively thick coated layer. It is interesting to observe that the presence of NiO nanoparticles in the coating layer (Figure 4c) has a different effect on the thickness of the interfacial layer, where it hinders the increase of the thickness of the interfacial layer. A remarkable change in the coated layer is observed when using mixed oxides of ZnO + NiO nanoparticles as it greatly increases the thickness of the interfacial layer of coating materials.



The SEM image of a cross-section of low carbon steel substrate coating with tin without any addition of nanoparticles (S1 substrate) is shown in Figure 5 alongside the presentation of an EDS microanalysis. The typical microstructure of a tin coating layer at the Fe-Sn intermetallic interface and typical ferrite-pearlite can be observed. The EDS pattern in the tin coating surface layer near the coating surface was analyzed. The green axis represents the line scan distance and elements intensities. The pattern of tin coating surface layer adjacent to interface layer displays Fe element due to diffusion from higher concentrations of iron and low carbon steel to Sn-coating. A clear interface between the tin coating surface layer and low carbon steel indicates the presence of intermetallic compound (IMCs) (Fe-Sn intermetallic phase) due to the reaction of tin with iron. The evolution and growth of IMCs play an important role in the mechanical properties and reliability of the coating layer. A detailed analysis of the thickness of both the interfacial layer and intermetallic layer is shown in Figure 6 and Figure 7, respectively. The maximum coating thickness of 69.61 ± 2 µm was achieved for hybrid ZnO and NiO nanoparticles in the tin coating It is clear that the addition of nanoparticles resulted in an increase in the wetting area and an increase in the microhardness of the coating materials [28]. The regularity of tin-composites coating layers is improved due to the improvement in wettability between the coating layer and the steel.



As shown in Figure 7, the effect of nanoparticles addition on the thickness of the tin surface layer and iron-tin IMC interface is very clear and it is enhanced with the presence of ZnO nanoparticles alone or when mixed with NiO nanoparticles. It can be observed that the maximum increase in thickness of the tin surface layer is associated with the presence of ZnO + NiO nanoparticles in the coating layer. This can be attributed to the morphology changes of the surface layer during the tinning process. On the other hand, the maximum decrease in the thickness of the Fe-Sn IMC interface seems to be found in the coating layer containing both ZnO and NiO nanoparticles (S4). A minimum coating thickness of about 2.33 ± 0.16 µm was observed in the IMC layer for hybrid ZnO and NiO nanoparticles in the tin coating which means a remarkable decrease in the thickness of the IMC interface is observed in the S4 substrate.




3.3. Corrosion Resistance Enhancement


3.3.1. Potentiodynamic Cyclic Polarization Measurements


PCP curves obtained for different samples after 1 h immersion in 3.5% NaCl solutions are depicted in Figure 8 while the corrosion data is summarized in Table 3. βc and βa are the cathodic and anodic Tafel slopes, respectively, and ECorr, jCorr, RP, and RCorr are the corrosion potential, corrosion current density, polarization resistance, and corrosion current. The values of βc, βa, ECorr, and jCorr were obtained, as reported in the previous work [34,35,36]. Moreover, the values of both RP and RCorr were calculated according to the following relations [36,37,38,39]:


   R P  =  1   j  Corr        (     β c  .  β a    2.3  (   β c  +  β a   )     )   



(1)






   R  Corr   =      j    Corr    (    k .  E W    d . A    )   



(2)




where, k is a constant (to define the unit for RCorr, k = 3272 mm (amp−1 cm−1 year−1)), EW is the equivalent weight of the mild steel (EW = 28.25 g equivalent), d is the density of mild steel (d = 7.84 gm cm−3), and A is the area of the surface (A = 1 cm2).



Figure 8 shows that the obtained current of all samples decreases in the cathodic current with sweeping the potential in the cathodic branch. This is due to the oxygen reduction reaction that takes place on the surface of the tested samples as follows [34,35,40]:


2H2O + O2 + 4e− → 4OH−



(3)







The strong this reaction is, the more output current is recorded. From this point of view, the highest values of the cathodic currents are recorded for the low carbon steel sample indicating that the uncoated mild steel has the most active surface. The cathodic current is also seen to decrease with the coating of steel with Sn, Sn + ZnO, Sn + NiO, and Sn + ZnO + NiO. The sample that is coated with Sn + ZnO + NiO has the lowest values of currents.



The anodic current, in turn, shows the highest values for bare sample (S0), where the current of the steel increases at the start of the anodic branch due to the dissolution of the steel surface as follows [34,35,40]:


Fe0 = Fe2+ + 2e−



(4)







The current continuously increases, showing a slight passive region with the increase of the applied potential. The appearance of the slight passive region may have resulted from the reaction of the iron surface with oxygen from the solution to form Fe(OH)2 and Fe3O4 according to the following equations [38];


Fe0 + ½ O2 + H2O → Fe(OH)2



(5)






3Fe(OH)2 + ½ O2 → Fe3O4 + 3H2O



(6)







The anodic current of the LCS sample abruptly increased with the continuous sweeping of potential in the positive direction in the presence of the chloride ions due to the breakdown of the formed oxide film (Equations (5) and (6)). The continues increase in current is due to the occurrence of pitting corrosion under the chloride ions attach to the surface and the high anodic potential as follows [35];


Fe(s) + 2Cl−(aq) = FeCl2(s) + 2e−



(7)







FeCl2 transfers from the surface to the interface and again to the solution (8):


FeCl2(s) = FeCl2(interface) → FeCl2(aq)



(8)







The occurrence of pitting corrosion for the LCS sample at this condition was also confirmed by the appearance of a hysteresis loop, where the obtained current in the backward direction was higher than the current obtained from the forward direction.



On the other hand, the anodic currents for all coated samples show an active-passive behavior, where the current abruptly increases only at the start of the anodic branch then shows a passive layer that is an oxide film of the coating layer. The coating layer as well as the formed oxide(s) are compact and lead to protecting the surface of the sample from dissolution at certain potential values. Further applying the anodic potential in the presence of the corrosive chloride solution leads to an abrupt increase in the current values due to the dissolution of the formed layers on the surface of the samples. Reversing the scanned potential in the backward direction zero to ~ −300 mV resulted in a smaller current as compared to the obtained currents in the forward direction. This behavior for all coated steel samples proves that the pitting corrosion does not occur at these conditions. It is to be mentioned here that the presence of Sn coating provides protection to LCS, and this effect increased after the addition of 0.25% ZnO nanoparticles and still more with NiO nanoparticles; while the highest impact of reducing the corrosion was recognized after the addition of both ZnO and NiO nanoparticles to the coated Sn low steel sample.




3.3.2. Electrochemical Impedance Spectroscopy Measurements


EIS measurements were carried out in order to confirm the data obtained from the PCP experiments. The EIS method can be successfully employed to report the corrosion and corrosion protection for metallic materials in numerous corrosive media [38,39,40,41]. The Nyquist plots were collected for LCS, LCS + Sn, LCS + Sn + ZnO, LCS + Sn + NiO, and LCS + Sn + ZnO + NiO samples after their immersion for 1 h in 3.5% NaCl solution. The measured impedance data were fitted to the best equivalent circuit model that is depicted in Figure 9. The definition of the symbols presented in the equivalent circuit is defined in the caption of Figure 9; the values of these parameters were collected and recorded in Table 4. The first polarization resistance, RP1, can be considered as the resistance at the interface between samples’ surface and the corrosion product or the coating layer, while the second polarization resistance, RP2, expresses corrosion resistance for the interface between the top layer formed on the samples and the solution.



As shown in Figure 10, all spectra show only one semicircle whose diameter is the smallest for the LCS sample. Coating the steel with a tin layer led to increasing the diameter of the semicircle indicating that the corrosion resistance increases in the presence of the tin coated layer. Incorporating 0.25% of the ZnO nanoparticles with the Sn coated layer on the surface of the LCS sample led to a wider semicircle and a slightly higher effect was noticed when 0.25% NiO nanoparticles were added to the tin coating on the surface of LCS. The largest diameter of a semicircle was obtained for the steel sample that had both ZnO and NiO nanoparticles incorporated with the tin coating. The listed parameters in Table 4 confirmed that the values of resistances, RS, RP1, and RP2 increased after adding ZnO and NiO either individually or combined. Also, the presence of Q (with its “n” values were varied between 0.67 and 0.80) here can be considered as double layer capacitance with some pores to reduce the charged sample surfaces. Moreover, the values of YQ and Cdl were noticed to decrease in the presence of the tin coating layer, and further decreases were recorded in the presence of ZnO and NiO nanoparticles, where the lowest values were noticed for the LCS + tin + ZnO + NiO sample. The EIS measurements agree with the data obtained from the polarization experiments, and both confirm that coating the steel with tin increases the corrosion resistance in the chloride test solution, and this effect increases by adding ZnO and NiO nanoparticles.






4. Conclusions


The influence of tin coating reinforced with ZnO and NiO nanoparticles on corrosion properties and the interfacial layer of low carbon steel were studied. Based on the obtained results, the following conclusions can be pointed out as follow:




	
The uniform coating surface with regular interface structure was achieved by individual ZnO and the combined addition of ZnO and NiO nanoparticles in the tin coating.



	
The tin coating thickness increased with the addition of ZnO, NiO, and hybrid ZnO/NiO nanoparticles. The maximum coating thickness of 69.61 ± 2 µm was achieved for hybrid ZnO and NiO nanoparticles in the tin coating.



	
Fe-tin intermetallic interfacial layer thickness decreased with the addition of ZnO, NiO, and hybrid ZnO/NiO nanoparticles. The minimum coating thickness of about 2.33 ± 0.16 µm was achieved for hybrid ZnO and NiO nanoparticles in the tin coating.



	
Tin coatings which were formed by the addition of ZnO, NiO, and hybrid ZnO/NiO nanoparticles showed improvement in corrosion resistance in comparison with the pure tin coating.



	
The best improvement in corrosion resistance was achieved by using hybrid ZnO/NiO nanoparticles in the tin coating.
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Figure 1. Microstructure of carbon steel (S0). 
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Figure 2. SEM and TEM images of nano-sized particles of; (a,c) ZnO (b,d) NiO. 
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Figure 3. XRD analysis of nano-sized particles of; (a) ZnO (b) NiO. 






Figure 3. XRD analysis of nano-sized particles of; (a) ZnO (b) NiO.



[image: Crystals 12 00332 g003]







[image: Crystals 12 00332 g004 550] 





Figure 4. Microstructures of four different coating surfaces and interfacial layers of steel, (a) Pure Sn coating (S1), (b) Sn+ ZnO nanoparticles coating (S2), (c) Sn+ NiO nanoparticles coating (S3), (d) Sn + ZnO + NiO nanoparticles coating (S4). 
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Figure 5. SEM photograph and EDS line scan across Sn coating layer and steel substrate (S1). 
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Figure 6. Coating thicknesses of four different coating surfaces and interfacial layers of steel, (1) Pure Sn coating (S1), (2) Sn + ZnO nanoparticles coating (S2), (3) Sn + NiO nanoparticles coating (S3), (4) Sn + ZnO + NiO nanoparticles coating (S4). 
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Figure 7. IMCs thicknesses of four different coating surfaces and interfacial layers of steel, (1) Pure Sn coating (S1), (2) Sn + ZnO nanoparticles coating (S2), (3) Sn + NiO nanoparticles coating (S3), (4) Sn + ZnO + NiO nanoparticles coating (S4). 






Figure 7. IMCs thicknesses of four different coating surfaces and interfacial layers of steel, (1) Pure Sn coating (S1), (2) Sn + ZnO nanoparticles coating (S2), (3) Sn + NiO nanoparticles coating (S3), (4) Sn + ZnO + NiO nanoparticles coating (S4).
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Figure 8. Cyclic potentiodynamic polarization for, (a) LCS, LCS + Sn, (b) LCS, LCS + Sn + ZnO, (c) LCS, LCS + Sn + NiO, and (d) LCS, LCS + Sn + ZnO + NiO, samples after 1 h immersion in 3.5% NaCl solution. 
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Figure 9. Equivalent circuit model with its elements defined as; reference electrode (RE), solution resistance (RS), constant phase elements (Q, CPEs), first polarization resistance (RP1), double layer capacitance (Cdl), second polarization resistance (RP2), and the working electrode (WE). 
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Figure 10. Nyquist plots for LCS, LCS + Sn, LCS + Sn + ZnO, LCS + Sn + NiO, and LCS + Sn + ZnO + NiO samples after 1 h immersion in 3.5% NaCl solution. 
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Table 1. Definitions of the low carbon steel substrate, wt.%.
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	Sample
	Definitions





	Sample 0 (S0)
	Low carbon steel (LCS)



	Sample 1 (S1)
	LCS + Sn coating



	Sample 2 (S2)
	LCS + Sn coating + 0.25 ZnO nanoparticles



	Sample 3 (S3)
	LCS + Sn coating + 0.25 NiO nanoparticles



	Sample 4 (S4)
	LCS + Sn coating + (0.25 ZnO + 0.25 NiO) nanoparticles
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Table 2. Chemical composition of low carbon steel substrate, wt.%.
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	Chemical Composition
	C
	Si
	Mn
	Cu
	Cr
	Ni
	Al
	Fe





	Steel substrate
	0.08
	0.01
	0.33
	0.03
	0.02
	0.05
	0.05
	Bal.
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Table 3. Corrosion parameters obtained from polarization curves.
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	Sample
	βc (mV/dec)
	ECorr (mV)
	βa (mV/dec)
	jCorr (μA/cm2)
	RP

(kΩ cm2)
	RCorr (mmy−1)





	Low carbon steel (LCS)
	125
	−774
	180
	17.5
	1.83
	0.2063



	LCS + Sn
	118
	−880
	150
	14.6
	1.97
	0.1721



	LCS + Sn + ZnO
	100
	−767
	135
	0.65
	38.43
	0.0077



	LCS + Sn + NiO
	92
	−755
	122
	0.55
	41.46
	0.0065



	LCS + Sn + ZnO + NiO
	83
	−745
	120
	0.45
	47.40
	0.0053
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Table 4. Parameters obtained from fitting the impedance data.
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Sample

	
RS/

Ω cm2

	
Q

	
RP1/

Ω cm2

	
Cdl/

µF cm−2

	
RP2/

Ω cm2




	
YQ/F cm−2

	
n






	
Low carbon steel (LCS)

	
2.799

	
0.004096

	
0.67

	
24.54

	
0.606

	
172.1




	
LCS + Sn coating

	
3.814

	
0.002401

	
0.80

	
29.97

	
0.355

	
255.8




	
LCS + Sn + ZnO

	
4.333

	
0.001905

	
0.75

	
31.29

	
0.250

	
376.9




	
LCS + Sn + NiO

	
5.503

	
0.001085

	
0.72

	
35.18

	
0.177

	
577.6




	
LCS + Sn + ZnO + NiO

	
6.645

	
0.000936

	
0.80

	
39.88

	
0.107

	
721.5

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
<~ ©® o~ -

w “1ake] sSaUOIY) SOIA|

o

Sample No.





media/file4.png
ity 7 B, af 2u S
00 am ENT = 10004 Sovel A 362 Dute 21 Sor 3000 ress 200 nm EHT = 20.00 kV Signal A= SE2 Date: 21 Oct 2020
b { WO 125 mm Prchs 3 ¢ 173 Tame 743822 WD = 11,0 mm Photo No. = 188 Time: 15:27:34
¢ TN T SNTAERR

100
200 KV X25000 200 KV X40000






media/file18.png





media/file3.jpg





media/file19.jpg
LCS + Sn + ZnO + NiO

Q@LCS + Sn + NiO
Q
DLCS +Sn + ZnO

0 200 400 600 800
7'/ Q cm?





media/file7.jpg
() ®)

Sn-surfacelayer |

S0+ 210 nanopartices surfacelayer © -






media/file10.png
Y \“‘ |
Intel facelayer
‘l... \.-r".w' . JF e >
' ’ ’ / ". ; '." '. ‘.‘ > : 'v.oa-uto-.)Oc-j.o;-oo\-.nll‘:o 'k'fOI"‘UQO-'*{“'"""""‘-"
Sn

g »

".".d

-
Pse

.‘....’..“'.‘l .......4'.......'.’. 'I.....'.'...'.........'

-
-~
-

-

ewds
»

i - " -
.o-loa.naoonc.)bcoo' Aadnnstnns
- -
) 3 :

- ’
» ol!oocooocolc.o.tlolbll.lo

.

.
»
»
»
)
%
.
-
.
.
.
‘






media/file14.png
< ™ N =

wim “I9AR[ SSAUIIYL SOIN]

o

Sample No.





media/file11.jpg
o 9 9 @ 9 o o o
~ © ® ¥ ® & «

wrr ‘ssauory I, Suneo)

Sample No.





media/file6.png
Intensity(a.u)

Zn0O (a)
(04-606-2557)
‘ | ‘I L]
30 35 40 45 50 55 60 65 70 75
2(Theta)

80

Intensity(a.u)

(b)

30

NiO
t l Jl N
(03-065-2901)
|
35 40 45 S50 55 60 63 70 75 80 85

2(T heta)





media/file15.jpg
10— 10 =cs
10" — i 10" fl=—LCSs + Sn + zn0|
100 10°
107 10"
=107, @ 102
109 i | 10%
1074, 107
1250 1000 -750 -500 -250 O  -1250 -1000 -750 -500 -250 O
= = =5
ot} =S esneno o[t sn 0o
E 100 10°
107 10"
=107 10?2
10° 10° I\ t f
107, 107
-1250 -1000 -750 -500 -250 O -1250 -1000 -750 -500 -250 O
E/mV (Ag/AgCl) E/mV (Ag/AgCl)






nav.xhtml


  crystals-12-00332


  
    		
      crystals-12-00332
    


  




  





media/file16.png
102

[ [—Lcs
101:r - LCS + Sn
“= 10°F
S E
<, qf
= 107 r N
0H10-2Ir
103} [T
104 el
-1250 1000 -750 -500 -250 O
10 e | ——— ]
1} |——LCS+Sn+NiO !
107}y 1.
"E 10°) N 1
> : ;
ERLN |
=10 1:
107} 1 ' 1'
104' ....................
-1250 1000 -750 -500 -250 O
E/mV (Ag/AgCl)

102 s ] e
101 [—LCS+Sn+ZnO 'I
10°;r\ / :
10'1: 7
[~ 1
10'2Ir / 1
o3 l (b) :
ar iy |
[ e ——————
-1250 1000 -750 -500 -250 0
10 —cs | ]
1:—MS+Sn+ZnO+NiO :
10 r '|
BN |
10'1;r ~ 1
102} :
[ 1 (d) ;
10| |

10°
-1250 -1000

4 .

-750 -500 -250 O
E/mV (Ag/AgCl)





media/file2.png
ﬁ"“’v._w .x\\« S P IV Ny L A VO
‘)ﬁs /S8 V”é : g { )\.zl, 2 fg’f\@y‘qc
> s

7N,
t_
j .
8 . 4
3 : p S
. = 3%
. -
-
v

[ 4

<5 ,-;
- b ~ .
N n,






media/file20.png
| LCS + Sn + ZnO + NiO.
350 F >
NE 300 - Ve "
> ' & QLCS + Sn + NiO
G 250 LCS + Sn + ZnO
- 200}
N ! LCS + Sn
' 150 F
100 F
50 |
0 8






media/file5.jpg
Intensityias)

20 (@) wo ®)

-

H ||||‘I|| | | |

D I I R T )
2rhets) 2Theta)

Inensition)






media/file1.jpg





media/file12.png
80 —

@)
N~

L L L L
O O O O O O
© O < O N

win ‘ssauydIy [, Suneo))

_
@

Sample No.





media/file9.jpg
Tnferfacelaye






media/file0.png





media/file8.png
(a) (b)

| .
Sn —surface layer , Sn + ZnO nanoparticles surface layer

- » '
»
Steel substrate
¢

P ir,.

. B e -
Steel substrate Steel substrate 4
Steclsubstrate S50 010 ver | ‘.

= [20um | R _ + [20pm |






media/file17.jpg





