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Abstract

:

Double layers composed of Sn and Mg, each 0.8 μm thick, were fabricated on a hot-dip galvanized steel (8.4 μm) sheet using DC magnetron sputtering and post-annealing processes. With an increase in temperature, the surface morphologies were agglomerated with each other. Additionally, Sn/Mg mixture sites, including an intermetallic compound of Mg2Sn, were formed at 190 °C and locally clustered at 220 °C. In the salt-spray test, the corrosion resistance of the Sn/Mg film prepared at 190 °C was 960 h, which is longer than that at non-heat for 528 h or 220 °C for 480 h. In the polarization test, the Sn/Mg film formed at 190 °C displayed a lower corrosion current density of 1.07 μA/cm2 and potential of 1.62 V/SSCE than those at non-heat or 220 °C.
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1. Introduction


Hot-dip galvanized steel (HDG) has played an important role in improving the corrosion resistance of steels used in the automotive and construction industries owing to its outstanding mechanical properties and durability in corrosive environments [1,2,3]. Generally, increasing the Zinc coating thickness and adding metallic components, such as Al and Mg, are considered to improve the corrosion resistance of HDG, which combines the sacrificial protection of Zn based alloy and the physical barrier of Al oxide film [4,5,6,7,8]. However, the conventional process for HDG often entails drawbacks, including catalyst impurities and large resource consumption to maintain a molten bath [9,10]. Therefore, alternative methods have been proposed. One potential technique is thermal spray coatings using a stream of feedstocks which is dependent on the thermal expansion gradient between the top coat and the substrates [11,12]. Another promising method is physical vapor deposition (PVD) which provides various coating layers because it has few restrictions on source materials and the formation of multi-layers [13,14,15,16,17].



So far, several studies have been reported about the corrosion resistance of Al, Mg, and Zn films prepared by the PVD method. Jeong et al. explained that the Mg layer deposited by the PVD method prevents the penetration of oxygen species by forming Mg corrosion products at the grain boundary of the base material [10,18]. La and Park et al. showed the effectiveness of the Zn–Mg coating layer on corrosion resistance regarding the formation of protective corrosion products [19,20]. Byun et al. suggested intermetallic compounds (IMPc) such as Mg2Zn, Al3Mg2, and Mg2Si be related to the delay in fitting corrosion [10,21].



Although these PVD methods suggest an effective methodology on how to improve the corrosion resistance of steels, the approaches are limited to more active elements, Al, Zn, and Mg, than Fe. Moreover, the electro potential difference between the metals causes the galvanic corrosion of base materials, which puts the usage of less active metals aside. Additionally, few studies have been conducted on the application of PVD and post-annealing processes.



In this study, Sn and Mg were applied as the coating layers because Sn is the least active and Mg is the most active element among the most accessible metals [22,23,24]. Sn/Mg thin films were prepared by the PVD method and annealed under different heating conditions. The prepared Sn/Mg films showed improved corrosion resistance depending on temperature. The findings of this study are expected to shed light on the fabrication of super anti-corrosive coatings based on the PVD process with various metals.




2. Materials and Methods


2.1. Formation of Sn/Mg Films


The Sn/Mg films were deposited using DC magnetron sputtering that includes two different coating targets, as shown in Figure 1. Both Sn and Mg targets were settled into one chamber at 60 mm to the left and 90 mm to the right from the substrate holder. The substrates (HDG steel of KS D 3506:2007, Zn thickness 8.4 μm) were attached to the rotational holder between the two targets. The substrates were cleaned away using an ultrasonic wave in ethyl alcohol and an ion-bombardment of 50 V in 3.0 × 10−1 Torr. Sn/Mg films were fabricated in three steps. Firstly, 0.8    μ m   -thick Mg film was deposited on the HDG substrate at a discharge power of 200 W for 20 min. Secondly, Sn film with a 0.8    μ m    thickness was deposited on the top of the Mg layer one after another. For both depositions, base pressure, working pressure and substrate temperature remained the same as 3 × 10−6 Torr, 3 × 10−2 Torr and 20 °C, respectively. Additionally, 100 sccm of Ar gas was introduced into the chamber for sputtering. Table 1 presents information about the prepared Sn/Mg film and other competitive samples. Lastly, the deposited Sn/Mg film was annealed at three different heating conditions: non-heat (as coated), 190 °C for 30 min, and 220 °C for 30 min in atmospheric conditions. The temperature was set at 204 °C, where the eutectic reaction takes place in the Sn–Mg binary phase diagram, to form the IMPc [21,25]. In the pilot experiment, we found the color change and the film delamination simultaneously when Sn was heat treated at over 232 °C. This is probably due to the difference in thermal stress of the local area adjacent to the Sn and Mg layers [26].




2.2. Methods for Film Characterization


The Sn/Mg film morphologies of the top surface and the cross-section were observed using FE-SEM (Field Emission Scanning Electron Microscope, MIRA 3, Tescan Brno, Czech Republic). To confirm the effectiveness of heat treatment in coating layers, the components, depth profile, and crystal phase were analyzed using EPMA (Electron Probe X-Ray Microanalyzer, JEOL, Tokyo, Japan), GD-OES (Glow Discharge Optical Emission Spectrometry, HORIBA, Kyoto, Japan) and XRD (High Resolution X-Ray Diffractometer, SmartLab, Rigaku, Tokyo, Japan).



To evaluate the corrosion resistance of Sn/Mg films, a salt spray test (SST) was carried out in accordance with ISO 9227 (5% NaCl solution, maintenance at 35 °C). Here, the surface of the specimen was periodically observed, and the initial occurrence of red rust was recorded. Additionally, a potentio dynamic polarization test was conducted in a 3.5% NaCl solution by potentio-stat (Interface 1000, Gamry Ins., Warminster, PA, USA). The scan rate was 1 mV/s from −0.1 V to +1.5 V, and the Pt counter electrode and the Ag/AgCl reference electrode were employed. The corrosion current density (Icorr) and potential (Ecorr) were obtained by Tafel Extrapolation. Furthermore, we monitored the corrosion state of the Sn/Mg films throughout the polarization test to confirm the corrosion process. After collecting the samples, we rinsed their surfaces with pure water three times. Then we observed the film surface using SEM and EDS.





3. Results and Discussion


3.1. Morphologies, Components and Crystallinity


In general, the corrosion resistance of thin films highly depends on their morphology and chemical components [25,27]. To date, much research data dealing with the heat treatment of HDG have reported the component and the phase transition through atomic diffusion at high temperatures [28,29,30,31]. Here, we analyzed the Sn/Mg films depending on heating conditions to understand the correlation between film characteristics and corrosion resistance.



In the surface images of Figure 2a–c, the small granular-shaped particles are agglomerated together. When the heating temperature increases, the agglomerated area expands, and a relatively large clustered area is identified at 220 °C.



As for the cross-sectional images, the Sn upper layer and the Mg under layer are clearly separated, as shown in Figure 2d,e. The thickness of the Mg and Sn coating layers was set at 0.8 μm each. The shape of the Sn layer was a granular-like structure, while the Mg layer had a featureless shape. On the other hand, in Figure 2f, the Mg layer and the interface became columnar-like structures and had indistinct shapes. Moreover, the polygon shape of the crystals that were approximately 100 nm was observed around the interface between the Sn upper and Mg lower layers.



Next, Figure 3 displays the depth profile for Sn/Mg films [32]. In Figure 3a, the Sn upper layer and the Mg lower layer are approximately 0.8 μm each in thickness and are separated. In addition, Zn has an approximately 8 um thickness, and Fe exists in the lower area. Meanwhile, in Figure 3b, the Sn layer extends down to the Mg layer area. Furthermore, the Mg layer extends up to the surface. O tends to increase gradually from the surface to the Mg layer, which indicates that O combines more easily with relatively active Mg. Subsequently, Figure 3c shows a similar trend as b, but components Zn and Fe expand more closely towards the surface. Additionally, we observed the component mapping of the Sn/Mg films in Figure 4. With an increasing heating condition, Sn tended to go down to the substrate region, while Mg and Zn went up to the surface at the same time. The Sn/Mg mixture area gradually increased, and the concentration of large amounts of Sn/Mg was verified at 220 °C, which is considered the effect of component diffusion around the interface [22,33].



Figure 5 shows the XRD patterns of the Sn/Mg films as a parameter of heating conditions. To clearly visualize the peaks of the XRD pattern, we plotted the graph with a log scale. In Figure 5a, for an as-coated condition, Sn (30.6, 31.9, 44.7 degrees), Mg (32.6, 34.6, 36.2 degrees), and Zn (36.3, 39, 43.2 degrees) spectra are obtained, whereas the heat-treated Sn/Mg films represent not only Sn, Mg, and Zn but also the SnO (29.5, 33.2, 50.7 degrees) and Mg2Sn (22.7, 37.3, 43.8 degrees) spectra in Figure 5b,c [34,35]. Furthermore, we compared the ratio of relative intensity (ISn 30.6; IMg 32.6; IZn 43.2; ISnO 29.5; IMg2Sn 22.7) for quantitative analysis. The ratio is an alternative index related to volume fraction [36]. The ISn and IZn decrease from 9.24% and 87.3% at as coated to 9.12% and 74.8% at 190 °C, and 8.82% and 80.2% at 220 °C. The IMg increases from 3.54% at as coated to 5.92% at 190 °C and 5.61% at 22 0°C. On the other hand, ISnO sharply drops from 8.57% at 190 °C to 3.52% at 220 °C. IMg2Sn barely changes from 1.83% at 190 °C to 1.87% at 220 °C. These imply that the amount of Mg2Sn was almost constant at both 190 °C and 220 °C, but Sn moved below the interface of Sn and Mg layer and clustered with a large mass that restrained the formation of the SnO film on the top surface at 220 °C [21].




3.2. Salt Spray Test


Among various methods to evaluate the corrosion resistance of surface coatings, SST is considered a powerful tool that aims to observe not only the degree of corrosion protection to the underlying materials, but also the time evolution of the corrosion products [37,38]. Since red rust is caused by the exposure of the internal iron to an external corrosion site, resulting in its oxidation, we marked the initiation time of red rust as the end point of film protection. Figure 6 shows the digital images of SST of the Sn/Mg films and the competitive ones. The initiation time of the Sn/Mg film at 190 °C was 960 h, which is far longer than that of 528 h at non-heat (as coated) or 480 h at 220 °C. Furthermore, Sn/Mg films with a 1.6 μm thickness on HDG at 190 °C showed highly improved corrosion resistance compared to other samples, such as Sn or Mg single films with 1.6 μm thickness on HDG and even the conventional 20 μm-thick HDG.



Additionally, we observed the surface covering behavior of the corrosion products. HDG is known to form white corrosion products in SST, such as Zn5(CO3)2(OH)6 (Hydrozincite) or Zn5(OH)8Cl2H2O (Simonkolleite), which temporarily delay the degradation of the film surface by isolating the critical pitting area from the corrosion factors [39,40,41]. From the SST images, white corrosion products were observed in all films before the red rust initiation. In particular, Sn/Mg films prepared at 190 °C and 220 °C showed a gradual expansion of surface covering areas with corrosion products. This is probably related to the continuous protection of the barriers and the sacrificial anodic effects on the corrosion spot.



Since Mg-containing IMPc can change its polarity during the corrosion process [24,42,43,44], it keeps influencing the pitting- or galvanic corrosion by supplying electrons to the films adjacent to IMPs as sacrificial anodes. In contrast, the excessive heat of 220 °C, which leads to morphology changes and the formation of localized mixing sites, rather decreases the anti-corrosive performance. Based on the above discussions, the heat treatment of an Sn/Mg film is an important key to improving corrosion resistance.




3.3. Potentiodynamic Polarization Test


The potentiodynamic polarization test is a relatively non-destructive technique to evaluate the corrosion characteristics. It provides electrochemical information, such as corrosion current density (Icorr), corrosion potential (Ecorr), and passive state [45]. To understand the role of each component, firstly, we examined the HDG (substrate) and the Sn and Mg single layer on HDG, as shown in Figure 7a. A conventional HDG has an Icorr of 1.99    μ A  /   cm  2    and an Ecorr of −1.05    μ V   . The Sn single film has an Icorr of 0.84    μ A  /   cm  2    and an Ecorr of −1.24    μ V   , which are caused by the protective barrier effect of Sn oxide at the beginning of corrosion. A Mg single film has an Icorr of 125    μ A  /   cm  2    and an Ecorr of −1.68    μ V   . Additionally, the Mg curve represents the passivation region between −1.59    μ V   and     −1.06    μ V  ,   where corrosion does not occur.



Figure 7b displays the polarization curve of the Sn/Mg films as a parameter of heating conditions. The non-heated Sn/Mg film has an Icorr of 9.11    μ A  /   cm  2    and an Ecorr of −1.53    μ V   , and the curve includes an unstable active state and a passive region. This may be attributed to the galvanic corrosion of Sn and Mg components. Next, the Sn/Mg film prepared at 190 °C has an Icorr of 1.07    μ A  /   cm  2   , an Ecorr of −1.62    μ V    , and a passivation region between −1.58    μ V    and −1.08    μ V   . Here, Icorr continuously decreases from 1.23    μ A  /   cm  2    at −1.58    μ V    (Ep) to 0.11    μ A  /   cm  2    at 1.27    μ V    (Ecp). On the other hand, the Sn/Mg film prepared at 220 °C has an Icorr of 2.44    μ A  /   cm  2   , an Ecorr of −1.36    μ V   , and the passive region is relatively short and unstable. Namely, the heat treatment of Sn/Mg films at 190 °C contributes to improving corrosion resistance in terms of the reduction of corrosion current density and the formation of a passivation region.



Figure 7c represents the digital images at four different points on the polarization curve of the Sn/Mg films prepared at 190 °C. We distinguished the points as (c.1) for the beginning of the passivation state, (c.2) for the middle of the passivation state, (c.3) for the beginning of the transpassive state, and (c.4) for the transpassive state. In the digital images, an almost identical circle with a corrosion area of 0.785 cm2 is observed in (c.1)–(c.3), whereas the white corrosion products on the entire surface of the circle are shown in (c.4). To analyze the corrosion mechanism of the Sn/Mg film prepared at the level of 190 °C, we carried out a point analysis of Figure 7(c.1)–(c.4) using SEM and EDS as follows.



In Figure 8(c.1), partially agglomerated white precipitates exist on the film surface. The composition of the precipitates was approximately 7% of Sn, 14% of Mg, 1% of Zn and 78% of O, while the matrix was composed of about 3% of Sn, 25% of Mg, 1% of Zn and 71% of O. In Figure 8(c.2,c.3), the size of the precipitates gradually decreases regardless of the composition change, and the amount of Sn and Zn slightly increases at places without precipitates. In Figure 8(c.4), large-clustered precipitates are observed on the surface, and their composition is approximately 1% of Sn, 4% of Mg, 26% of Zn and 62% of O, whereas crevices between the large precipitates include about 8% of Sn, 9% of Mg 17% of Zn and 62% of O. EDS spectra show the typical composition of the Sn/Mg film after the polarization test and are categorized into four types (Type A–Type D) depending on the compositions. To sum up, the white precipitates contain Mg and Sn with a constant ratio, and their size decreases as passivation progresses in Figure 8(c.1–c.3). On the other hand, the large masses in Figure 8(c.4) are regarded as Zn corrosion products that formed at a transpassive state.



These results evidently imply that the Sn/Mg mixture area containing Mg2Sn enhanced the corrosion resistance. Additionally, it is considered that the formation of a protectable Sn oxide film on the surface and the maintenance of the passivation state without critical galvanic corrosion with the heat treatment of 190 °C coincide with the higher corrosion resistance at SST.





4. Conclusions


We successfully fabricated Sn/Mg films on HDG through a PVD method and a post-annealing process. The corrosion resistance of Sn/Mg film was highly improved at a heating temperature of 190 °C as compared to non-heat and 220 °C. The findings of this study are as follows:




	
With an increase in temperature, the surface morphology of the Sn/Mg films agglomerated with each other. The cross-sectional morphology changed from a granular- at non-heat to a columnar-like structure at 190 °C, and to an indistinct shape at 220 °C.



	
Sn/Mg mixture areas, including Mg2Sn, were formed at over 190 °C. Additionally, locally clustered Sn/Mg sites on the top surface were identified at 220 °C.



	
In the salt spray test, the red rust initiation time of the Sn/Mg film prepared at 190 °C was 960 h, which is longer than that at non-heat for 528 h or 220 °C for 480 h.



	
From the polarization test, we found that the Sn/Mg film prepared at 190 °C has a lower Icorr of 1.07    μ A  /   cm  2    and Ecorr of −1.62    μ V   , and an enhanced passive region in comparison with the film prepared at non-heat or 220 °C.



	
The Sn/Mg mixture area including Mg2Sn contains Mg and Sn in a constant ratio, and their size decreases as passivation progresses, which maintains the passivation state with stability.
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Figure 1. Schematic diagram of the DC magnetron sputtering for the fabrication of Sn/Mg film. 
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Figure 2. SEM images of Sn/Mg films as a parameter of heat treatment conditions. (a–c) Surface images. (d–f) Cross-sectional images. 
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Figure 3. GD-OES depth profile for Sn/Mg films as a parameter of heat treatment. (a) As coated, (b) 190 °C for 30 min, and (c) 220 °C for 30 min. 
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Figure 4. EPMA mapping images of Sn/Mg films as a parameter of heat treatment. 
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Figure 5. XRD patterns of Sn/Mg films. (a) As coated, (b) 190 °C for 30 min and (c) 220 °C for 30 min. 
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Figure 6. SST images of Sn/Mg and other films. The red dot indicates the initiation point of red rust. 
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Figure 7. Polarization curves of Sn/Mg films and competitive films. (a) competitive films; HDG substrate; Mg and Sn single film on HDG. (b) Sn/Mg films depending on heating conditions. (c) digital images at four different points of the polarization test with Sn/Mg films prepared at 190 °C. Icorr−corrosion current density; Ecorr−corrosion potential; Ep−passivation potential; Ecp−passivation complete potential; ETp−transpassive potential. 






Figure 7. Polarization curves of Sn/Mg films and competitive films. (a) competitive films; HDG substrate; Mg and Sn single film on HDG. (b) Sn/Mg films depending on heating conditions. (c) digital images at four different points of the polarization test with Sn/Mg films prepared at 190 °C. Icorr−corrosion current density; Ecorr−corrosion potential; Ep−passivation potential; Ecp−passivation complete potential; ETp−transpassive potential.



[image: Coatings 13 00196 g007]







[image: Coatings 13 00196 g008 550] 





Figure 8. SEM images and EDS components at four different points in Figure 7c. The white arrows indicate the location of the white precipitates and the black arrows indicate the matrix. The bar graphs display the composition of arrows from 1 to 5 at left SEM images. The compositions are categorized to four different types from A to D in terms of SEM images and their compositions. 
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Table 1. Information about the samples in this study: Sn/Mg film; Mg film; Sn film; and substrate.
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Samples

	
Schematic Diagram

	
Sn Thickness (μm)

	
Mg Thickness (μm)

	
Zn Thickness (μm)






	
Sn/Mg Film

(As coated)
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0.8

	
0.8

	
8.4

(Hot-dip Galvanized Steel – KS D 3506:2007)




	
Mg Film
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-

	
1.6




	
Sn Film
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1.6

	
-




	
HDG

(Substrate)
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-

	
-
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