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Abstract

:

There is an urgent need to improve the corrosion resistance of WC-based cermet coatings in different corrosive environments. The main objective of this work was to investigate the microstructure and evaluate the corrosion resistance in neutral, acidic, and alkaline electrolytes of the WC-based cermet/Fe-based amorphous alloy composite coating. Thus, a composite coating of WC–CoCr/Fe-based amorphous alloy and a single WC–CoCr coating were fabricated using the high-velocity oxygen fuel (HVOF) process. The phase composition, microstructure of the original powders, and as-sprayed coatings were studied. The detailed interface information between different compositions of the composite coating was observed by high-resolution transmission electron microscopy (HRTEM). The corrosion resistance of the coatings was studied comparatively by electrochemical tests in 3.5 wt % NaCl, 1 M HCl and 1 M NaOH solutions, respectively. Results showed that the composited coating had a dense layered structure with a composition of WC, Fe-based amorphous alloy, and small amount of W2C. It was revealed that obvious inter-diffusion exists between the interfaces of tungsten carbide/Co, Cr binder and WC–CoCr/Fe-based amorphous alloy. The electrochemical test results showed that the composite coating displayed better corrosion resistance than single WC–CoCr coating both in 3.5 wt % NaCl solution and in 1 M NaOH solution.
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1. Introduction


As a replacement of hard chrome plating, thermal-sprayed WC-based cermet coatings have been widely used in several industries, such as aerospace, automobile, and energy, due to their excellent performance of wear resistance [1,2,3]. The hard WC particles in the coatings provide hardness and wear resistance while the metal binder (CoCr, NiCr, Ni, Co, etc.) gives the necessary coating toughness [4]. In comparison with air plasma spray (APS), high-velocity oxygen fuel (HVOF) spraying has been well proven for the deposition of WC-based cermet coatings due to its exceptional characteristics, such as the higher velocities and the lower flame temperatures [5], which results in less decomposition of WC during spraying [6,7].



As the WC-based cermet coatings have been widely used, it is realized that the corrosion resistance becomes increasingly important besides wear resistance because the potential service environments for these WC-based cermet coated components are inherently corrosive in nature. However, the corrosion resistance of WC-based cermet coatings is not so desirable [8]. In recent years, optimization of processing parameters and incorporating anti-corrosive materials have been tried to improve the corrosion resistance. References [8,9] reported that minimization or partial elimination of intrinsic defects, such as porosities, microcracks and oxide phase by optimization of processing parameters, helped to improve the corrosion resistance. Hong et al. [10] prepared nanostructured WC–10Co–4Cr coating by adjusting HVOF process, and the coating exhibited better corrosion resistance in 3.5% NaCl solution. Investigation by Basak et al. [11] showed nanostructured WC–Co coatings (with and without Al) exhibited better corrosion in comparison with micron-sized coating. Reference [12] reported that the addition of TiC improves the corrosion resistance of WC–Co in 1 mol L−1 NaOH compared with the base alloy. Additionally, some work proved that the addition of Ni enhanced the corrosion resistance and oxidation resistance [13,14]. Research by Sutthiruangwong et al. [15] found that adding Cr2C3 significantly reduced the current density.



In recent years, amorphous alloys, especially Fe-based amorphous alloys, have gained wide attention owing to their inherent good properties such as high crystallization temperature, good corrosion and wear resistance, and relatively low material cost [16,17,18]. Fe-based amorphous alloys, therefore, could be chosen as additional anti-corrosive materials to improve corrosion resistance of WC-based cermet. Moreover, HVOF has been regarded as one of the suitable techniques to prepare Fe-based amorphous alloy coatings [19,20,21,22]. An investigation, furthermore, showed that the addition of Fe-based amorphous alloy improved the corrosion resistance of WC coating in 3.5% NaCl [23]. However, little has been presented regarding the detailed microstructures and comprehensive corrosion properties of WC-based cermet and Fe-based amorphous alloy composite coatings. Therefore, the present study is conducted to determine the microstructure, especially the interfaces of different composition of HVOF-sprayed WC–CoCr/Fe-based amorphous alloy composite coatings, and their corrosion resistance in neutral, acidic, and alkaline electrolytes, respectively.




2. Materials and Methods


2.1. Materials and Parameters of HVOF


A conventional, spherical, agglomerated, and sintered WC–10 wt %Co–4 wt %Cr powder with a nominal size distribution of 10–38 μm was obtained from GTV Verschleißschutz GmbH (Luckenbach, Germany). A commercial Fe-based amorphous powder (SHS7170) with a nominal size range of 15–53 μm was obtained from Nanosteel company Inc., Providence, RI, USA. The nominal alloy composition was 20 wt % Cr, 10 wt % W, 5 wt % B, 5 wt % Mn, 5 wt % Mo, 2 wt % C, 2 wt % Si with the balance being Fe. WC–CoCr and Fe-based amorphous powders with the weight ratio of 65:35 were homogeneously mixed by a two-dimension mixer before spraying. A commercial HVOF spraying system (GTV HVOF K2, GTV Verschleißschutz GmbH, Luckenbach, Germany) was used for thermal spraying with WC–CoCr power and the mixed powder. The coating was deposited onto 304 stainless steel substrates with a dimension of 30 × 50 × 4 mm3. Before spraying, the substrate was degreased with acetone and grit blasted with 46 mesh alumina grit to give a surface roughness of Ra 2–3 μm. The used process parameters, which is based on the preliminary parameter optimization, are listed in Table 1.




2.2. Microstructural Characterization


The phase composition of both the as-received powder and the as-sprayed coatings was identified by an X-ray diffractometer (XRD, D/MAX-IIIA, Riguka, Tokyo, Japan). Surface morphology, cross sectional microstructure of the as-received powders, as-sprayed coatings and the corroded coatings after electrochemical test were observed on a scanning electronic microscope (SEM, Nova nano 450, FEI, Hillsbore, OR, USA). The chemical composition of both the as-spray coatings and the corroded coatings was determined by energy dispersive spectroscope (EDS, Octame plus, EDAX Inc, Draper, UT, USA). Finer-scale microstructural features of the composite coatings were performed using the combination of transmission electron microscopy (TEM, Titan Themis, 200, FEI, Eindhoven, Netherlands) and EDS operated at 200 kV.




2.3. Corrosion Behavior


Corrosion behavior was investigated by the potentiodynamic polarization tests. Prior to electrochemical tests, the specimens were mechanically polished, then degreased in ethanol, washed in distilled water, and dried in air. 3.5 wt % NaCl solutions, 1 M HCl solutions and 1 M NaOH solutions were prepared from reagent grade chemicals and distilled water was used as electrolytes. Electrochemical test was conducted in a three-electrode cell using a platinum counter electrode and saturated calomel electrode (SCE) reference electrode. Potentiodynamic polarization curves were recorded at a potential scanning rate of 0.5 mV s−1 from an initial potential of 400 mV below the open circuit potential (OCP) up to 1200 mV above the OCP after immersing the specimens for about 60 min when the open circuit potentials became almost steady. Electrochemical parameters such as corrosion potential (Ecorr), corrosion current density (icorr) and polarization resistance (Rp) were calculated by using CView software (2.3d).





3. Results and Discussion


3.1. Powder Morphology


SEM images from morphology of different feedstock powders are shown in Figure 1. As illustrated in Figure 1a,c, the WC–CoCr powder particles show typical agglomerated and sintered particles features with a spherical morphology and highly porous surface, and lots of holes are within the spherical particles. According to Figure 1d,f, the mixed powder is relatively uniform, among which the Fe-based amorphous particles (Label 2) display a spherical morphology with dense surface and interior, which is a representative morphology of gas atomized particles.




3.2. Characterization of the Coatings


3.2.1. Phase Constitution


Figure 2 displays XRD patterns of the original powders of WC–CoCr and Fe-based amorphous alloy as well as that of the as-sprayed coatings. The WC–CoCr powder is mostly WC phase with a small amount of W2C phase and of unalloyed Co phase. The Fe-based amorphous powder shows the typical broad diffraction peaks of amorphous materials. The WC–CoCr coating contains more W2C phase than that in the original powder, which means decomposition of small amount of WC phase occurs during the HVOF spray process [4,6]. The diffraction peaks of Co phase in the original WC–CoCr powder become wide amorphous peaks in the WC–CoCr coating which may be attributed to the reactions between WC and Co. The diffraction peaks of the composite coating are similar to that of WC–CoCr coating, and weak diffraction signal of amorphous phase is detected between 40° and 45°.




3.2.2. Microstructure


Figure 3 shows the microstructure of the as-sprayed coatings on a polished cross-section. It is evident from Figure 3a that the WC–CoCr coating is a dense layer structure and well-bonded to the substrate. Despite there are some pores, the average porosity of the coating is less than 2%. A similar morphology was observed in other investigations [12,20,21,22,23]. EDS analysis on area 1 indicated in Figure 3a shows that the coating contains W, Co, and Cr. The composite coating also shows a compact lamellar structure, which is different from pure WC–CoCr coatings and pure Fe-based amorphous coatings fabricated by HVOF [24] due to the different atomic number of W and Fe. The average porosity fraction in the composite coating was approximately 1.0%. EDS analysis on area1 indicated in Figure 3c displays a similar result in WC–CoCr coatings (the result is omitted here), confirming that the bright lamellae are WC–CoCr, while the dark lamellae are identified as Fe-based amorphous alloy, as shown in Figure 3d. A similar morphology was observed in other reports [25,26].



TEM and HRTEM were carried out to obtain more detailed information about the microstructure of the composite coating in the present study. Figure 4 displays a bright field TEM image and EDS mapping analysis of WC–CoCr area of the as-sprayed composite coating. It can be observed clearly that some irregular shaped particles distributed randomly as shown in Figure 4a. According to Figure 4b–e and the XRD results (Figure 2), it can be deduced that the irregular particles are tungsten carbides which are sounded by Co and Cr. Besides, inter-diffusion exits between tungsten carbides and Co, Cr.



To further reveal the W, Co, and Cr distribution around the interface between tungsten carbide and binder, an element line scan is conducted across the interface, as shown in Figure 5. The line scanning position is indicated by the arrow line shown in Figure 5a. From the element scanning profile shown in Figure 5b, it can be clearly seen that the tungsten content gradually decreases and cobalt content gradually increases from the tungsten carbide particle side, going through the interface to the binder side, while the chromium content keeps constant, confirming that an inter-diffusion of W, Co and Cr happened during the HVOF process, and the diffusion of Cr is more uniform than W and Co.



Figure 6 presents a bright field TEM image, EDS mapping analysis and an element line scan of the interface between WC-based cermet area and Fe-based amorphous alloy area. Co distributes mostly on WC-based cermet side around tungsten carbide, as shown in Figure 6b. Most of Cr and Fe are detected on the Fe-based amorphous alloy side and small amount are detected on the WC-based cermet side, as shown in Figure 6c,d. From the element line scan result shown in Figure 6g, it can be clearly seen that the W content gradually decreases, and Fe and Cr contents gradually increases from the WC-based cermet side, going through the interface to the Fe-based amorphous alloy side, while the cobalt content keeps constant on both sides except the increase at the interface, which means that an inter-diffusion exits between WC-based cermet and Fe-based amorphous alloy, and a relatively small amount of Co binder diffuses to both tungsten carbide particle side, which is in agreement with the results of Figure 5, and Fe-based amorphous alloy side.



Figure 7 exhibits the TEM bright field image of an enlarged interface which contains WC-based cermet area, interface, and Fe-based amorphous alloy area. Selected area electron diffraction (SAED) patterns of WC-based cermet and amorphous alloy phase (indicated by arrows in Figure 7a) are shown in Figure 7b,c. As can be seen, there is an obvious interface in the range of 10–20 nm between WC-based cermet and Fe-based amorphous alloy, implying an inter-diffusion and good metallurgical bonding between WC-based cermet and Fe-based amorphous alloy. SAED pattern of WC-based cermet could be indexed as corresponds to the <110> zone axis of W2C phase, which is consistent with the XRD pattern. SAED pattern of Fe-based amorphous area shows the characteristics diffuse diffracting rings corresponding to a short-ordered material indicating that the results from the XRD are accurate, which means the Fe-based amorphous alloy powder do not crystallize during the HVOF process.





3.3. Electrochemical Corrosion Behavior


3.3.1. Electrochemical Corrosion Behavior in 3.5 wt % NaCl Solution


The potentiodynamic polarization curves of the as-sprayed coatings in 3.5 wt % NaCl solution are shown in Figure 8. The corresponding electrochemical values are listed in Table 2. It is evident that the curves exhibit similar polarization behavior. The Ecorr of the WC–CoCr coating and the composite coating are about −0.556 V and −0.404 V, respectively. The icorr of the composite coating is 5.57 × 10−6 A cm−2, which is obviously smaller than that of the WC–CoCr coating (3.86 × 10−5 A cm−2). The Rp value of the composite coating is 7399 Ω cm2, which is higher than that of the WC–CoCr coating (6755 Ω cm2). It is believed that the extent of corrosion is determined by the corrosion potential, the corrosion rate is determined by the corrosion current density [23], and the polarization resistance corresponds to corrosion resistance. Thus, the more positive Ecorr, the lower icorr and the higher Rp of the composite coating indicate a better corrosion resistance than the WC–CoCr coating. This can be attributed to the microstructure and chemical composition. From the microstructure, the composite coating displays a dense layer structure and a good bond of both the tungsten carbide/binder interface and the WC-based cermet/Fe-based amorphous alloy interface, as shown in Figure 5 and Figure 6. Regarding chemical composition, the addition of Fe-based amorphous alloy deduces the content of Co binder, which has relatively high corrosion rate [23,27]. Furthermore, both amorphous phase and WC matrix contain Cr, which is in favor of self-passivation. Meanwhile, the Mo, B and C in amorphous phase all contribute to enhancing the corrosion resistance [23,28].



To further understand the differences in corrosion resistance between the WC–CoCr coating and the composite coating, the surface and cross-section morphologies of the coatings were evaluated using SEM after electrochemical measurements in 3.5 wt % NaCl solution, as shown in Figure 9. Obvious corrosion happened, and some corrosion cracks and pores can be observed on the surface of the WC–CoCr coating. It is believed that the corrosion attack of the WC–CoCr coating is generally from the selective dissolution of the metallic matrix, which is more anodic than the WC particles [29]. In addition, with the matrix corrodes, the WC particles fall out and leave behind pores [30]. That is the reason for the formation of some corrosion pores. On the other side, the micropores in the original coating might become bigger owing to corrosion. However, it is hard to distinguish between the pores in the original coating and the pores caused by falling of WC particles. From the cross-section morphology, the corrosion happened near to surface. For the composite coating, pitting corrosion, corrosion cracks, pores and corrosion products were observed on the surface. The Fe-based amorphous area is clearly subjected to pitting corrosion. Research on Fe42.87Cr15.98Mo16.33C15.94B0.88 (at %) amorphous alloy coating on a 304 stainless steel showed that the Ecorr and the icorr of the coating are −0.472 V and 5.623 × 10−6 A cm−2 respectively in 3.5% NaCl solution, and no any obvious pitting corrosion happened after the electrochemical test [31]. Another investigation into a composite coating of the Fe-based amorphous above mentioned and WC–10Co–4Cr with a mass ratio of 1:3 on a mild steel exhibited that the Ecorr and the icorr of the coating are –0.65 V and 3.162 × 10−6 A cm−2 respectively in 3.5% NaCl solution, and no obvious indications of pitting corrosion and corrosion cracks after the electrochemical test [23]. In this case, both the Ecorr and the icorr are close to the reported results. However, the as-sprayed composite coating corroded after the electrochemical test that falls in line with the results. This may be attributed to the process parameters and coating chemical composition. Moreover, the cross-section morphologies display that the corrosion happened near to surface, no obvious further penetration of electrolyte can be observed.




3.3.2. Electrochemical Corrosion Behavior in 1 M HCl Solution


The potentiodynamic polarization curves of the as-sprayed coatings in 1 M HCl solution are shown in Figure 10. The corresponding electrochemical values are listed in Table 3. These two curves show very similar behavior with a spontaneous passive stage, and the passive current densities (ipass) of the WC–CoCr coating and the composite coating are approximately 8.16 × 10−4 A cm−2 and 1.64 × 10−3 A cm−2 respectively. In addition, the composite coating exhibits a more negative Ecorr of −0.294 V than that of the WC–CoCr coating, i.e., −0.287 V, a higher icorr of 2.83 × 10−5 A cm−2 than that of the WC–CoCr coating, i.e., 1.68 × 10−5 A cm−2, and a lower Rp of 923 Ω cm2 than that of the WC–CoCr coating, i.e., 1549 Ω cm2, indicating that the corrosion resistance of composite coating is inferior to that of the WC–CoCr coating in 1 M HCl solution.



Unfortunately, the corrosion resistance of both the WC–CoCr coating and the composite coating declines rapidly in 1M HCl solution compared with their performance in 3.5% NaCl solution. Furthermore, as shown in Figure 11, lots of corrosion cracks and pores can be observed on the surface of the WC–CoCr coating, which means corrosion happened during the potentiodynamic polarization test. Similar morphology can be found in other literature [30,32]. For the composite coating, many cracks, corrosion products and pores can be found on the surface of WC–CoCr area, while no obvious cracks and pores are observed on the surface of the Fe-based amorphous alloy area, meaning the Fe-based amorphous alloy area of the composite coating exhibits general corrosion behavior in 1 M HCl solution. This form of corrosion was observed by an investigation of a composite coating fabricated with the powder mixture of Fe-based metallic glass, NiCr alloy and WC particle by HVOF thermal spray [33]. Moreover, research on Fe48Cr15Mo14C15B6Y2 amorphous alloy coating also showed the coating were spontaneously passivized in 1 M HCl solution and exhibited general corrosion behavior after the electrochemical measurement [24]. Based on the cross-section morphologies, the corrosion depth of both coatings are dozens of microns.



Compared to the results in 3.5% NaCl solution, the corrosion of WC–CoCr is accelerated, but the passivation of Fe-based amorphous alloys becomes stable in 1 M HCl solution. Nevertheless, the passivation is not sufficient for enhancing the corrosion resistance, so that the contribution given by the peculiar chemical composition and structural characteristic of amorphous alloy part in the composite coatings becomes less important.




3.3.3. Electrochemical Corrosion Behavior in 1 M NaOH Solution


The potentiodynamic polarization curves of the as-sprayed coatings in 1 M NaOH solution are shown in Figure 12. The corresponding electrochemical values are listed in Table 4. These two coatings are spontaneously passivized with passive current density in the order of magnitude around 10−4 A cm−2 and wide passive region larger than 1.0 V (SCE). For the WC–CoCr coating, there are several fluctuations, implying a continuous process of activation and passivation [34], whereas the passivation of the composite coating is relatively stable. Nevertheless, although the Ecorr of the WC–CoCr coating are comparable to the composite coating, the icorr of WC–CoCr is higher than that of the composite coating. Generally, the icorr is an important parameter to evaluate the kinetic of corrosion reactions, and besides the corrosion rate is proportional to the corrosion current density measured via polarization [35]. That means the lower icorr led to the lower corrosion rate [36]. In addition, the Rp of the composite coating is higher than that of the WC–CoCr coating. Therefore, the corrosion resistance of the composite coating is superior to that of the WC–CoCr coating in 1 M NaOH solution.



The morphologies of the surfaces of the WC–CoCr coating and the composite coating after electrochemical measurement are shown in Figure 13. As can be seen, both coatings display a severely corrosive surface morphology. Lots of pores are caused by the corrosion of Co, Cr metal binder and subsequently fall out of WC particles and corrosion products (dark area in Figure 13a) composed of O, Na, W, Co, and Cr are observed on the surface of WC–CoCr coating. Many pitting pores with different sizes on both WC–CoCr area and Fe-based amorphous alloy area and obvious corrosion crack, as indicated by arrows in Figure 13b, can be found on the surface of the composite coatings. It is reported that WC is unstable in alkaline solution due to the detrimental local galvanic coupling at the interface [33]. In this case, the fluctuations shown in potentiodynamic polarization confirm this, and the serious surface corrosion further supports it. As for the composite coating, it is presumably attributed to the concentration of OH- increased continuously during the polarization process, due to the chemical reaction on cathode: O2 + 2H2O + 4e− → 4OH−. At the initial stage of the polarization process, the passive films can be formed. As the concentration of OH− increases, the surface unsteady passive film of amorphous coating begins to dissolve [24,31]. That is the reason the composite coating displays a passivation platform with wide passive region, better corrosion resistance but a poor corrosion morphology. The cross-section morphology exhibits that the corrosion of the WC–CoCr coating is deeper than that of the composite coating. Similar to the test in 1 M HCl solution, the corrosion attack occurs and spreads to dozens of microns depth from the surface.






4. Conclusions


The microstructure and corrosion resistance of HVOF thermally sprayed WC–CoCr/Fe-based amorphous alloy were investigated. Microstructure and phase composition studies show that the composite coatings have a compact layered structure and contains WC, Fe-based amorphous alloy, and a small amount of W2C phase. Further observations find that there is inter-diffusion between tungsten carbide particles and Co, Cr binder, and an inter-diffusion area with a width range of 10–20 nm between WC–CoCr and Fe-based amorphous alloy.



The composite coating has better corrosion resistance in 3.5% NaCl and 1 M NaOH solution than single WC–CoCr coating, whereas the corrosion resistance of single WC–CoCr coating is superior to that of the composite coating in 1 M HCl.
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Figure 1. SEM images from morphology and cross-section of (a–c) WC–CoCr powder, (d,e) mixture of WC–CoCr powder and Fe-based metallic glass powder with weight ratio of 65:35, and (f) Fe-based metallic glass particle. Label 1: WC–CoCr particles; Label 2: Fe-based metallic glass particles. 
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Figure 2. XRD patterns of WC–CoCr powder, Fe-based amorphous alloy powder, WC–CoCr coating, and composite coating. 






Figure 2. XRD patterns of WC–CoCr powder, Fe-based amorphous alloy powder, WC–CoCr coating, and composite coating.



[image: Coatings 08 00393 g002]







[image: Coatings 08 00393 g003 550] 





Figure 3. Backscattered electron SEM morphology of polished cross-section of the as-sprayed coatings and EDS analysis results. (a) WC–CoCr coating; (b) EDS analysis results on Area 1 of (a); (c) composite coating; and (d) EDS analysis results on Area 2 of (c). 






Figure 3. Backscattered electron SEM morphology of polished cross-section of the as-sprayed coatings and EDS analysis results. (a) WC–CoCr coating; (b) EDS analysis results on Area 1 of (a); (c) composite coating; and (d) EDS analysis results on Area 2 of (c).
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Figure 4. (a) TEM image of microstructure; EDS mapping of WC-based cermet area in the composite coating: (b) W; (c) C; (d) Co; (e) Cr; (f) A combined elemental mapping of W, C, Co and Cr. 
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Figure 5. (a) High magnification microstructure of the interface between a tungsten carbide particle and the surrounded binder; (b) W, Co, Cr-element line scan result of the arrow line in (a) and the corresponding enlarged microstructure image. The direction of the arrow means the scanning direction. 
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Figure 6. TEM image of the microstructure, EDS mapping and line scanning of the interface between WC–CoCr cermet and Fe-based amorphous alloy: (a) microstructure; (b–f) elements mapping; and (g) W, Fe, Co, Cr-element line scanning result of the arrow line in (a) and the corresponding enlarged microstructure image. The direction of the arrow means the scanning direction. 
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Figure 7. High magnification microstructure of the interface between WC–CoCr cermet and Fe-based amorphous alloy and SAED patterns. (a) An enlarged region of tungsten carbide, interface and Fe-based amorphous alloy phase; (b) SAED pattern of tungsten carbide phase; (c) SEAD pattern of Fe-based amorphous phase. 
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Figure 8. Potentiodynamic polarization curves of the as-sprayed coatings in 3.5 wt % NaCl solution. 






Figure 8. Potentiodynamic polarization curves of the as-sprayed coatings in 3.5 wt % NaCl solution.



[image: Coatings 08 00393 g008]







[image: Coatings 08 00393 g009 550] 





Figure 9. Surface and cross-section morphologies of (a,c) WC–CoCr coating and (b,d) composite coating after potentiodynamic polarization test in 3.5 wt % NaCl solution. 
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Figure 10. Potentiodynamic polarization curves of the as-sprayed coatings in 1 M HCl solution. 
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Figure 11. Surface and cross-section morphologies of (a,c) WC–CoCr coating and (b,d) composite coating after potentiodynamic polarization test in 1 M HCl solution. 
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Figure 12. Potentiodynamic polarization curves of the as-sprayed coatings in 1 M NaOH solution. 
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Figure 13. Surface and cross-section morphologies of (a,c) WC–CoCr coating and (b,d) composite coating after the potentiodynamic polarization test in 1 M HCl solution. 
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Table 1. HVOF spraying parameters.
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Parameters

	
Value






	
Fuel (kerosene) flow rate, L min−1

	
0.43




	
Oxygen flow rate, L min−1

	
900




	
Carrier gas flow rate, L min−1

	
9.0




	
Spray distance, mm

	
380




	
Powder feed rate, g min−1

	
100 (WC–CoCr powder)




	
70 (mixed powder)
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Table 2. Electrochemical parameters derived from the polarization curves of the as-sprayed coatings in 3.5 wt % NaCl solution.
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	Coating
	Ecorr (V vs. SCE)
	icorr (A cm−2)
	Rp (Ω cm2)





	WC–CoCr
	−0.556
	3.86 × 10−5
	6755



	Composite
	−0.404
	5.57 × 10−6
	7399
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Table 3. Electrochemical parameters derived from the polarization curves of the as-sprayed coatings in 1 M HCl solution.






Table 3. Electrochemical parameters derived from the polarization curves of the as-sprayed coatings in 1 M HCl solution.





	Coating
	Ecorr (V vs. SCE)
	icorr (A cm−2)
	Rp (Ω cm2)





	WC–CoCr
	−0.287
	1.68 × 10−5
	1549



	Composite
	−0.294
	2.83 × 10−5
	923
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Table 4. Electrochemical parameters derived from the polarization curves of the as-sprayed coatings in 1 M NaOH solution.






Table 4. Electrochemical parameters derived from the polarization curves of the as-sprayed coatings in 1 M NaOH solution.





	Coating
	Ecorr (V vs. SCE)
	icorr (A cm−2)
	Rp (Ω cm2)





	WC–CoCr
	−1.092
	1.95 × 10−4
	308



	Composite
	−1.096
	1.58 × 10−4
	440
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