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Abstract

The excellent properties of Zn-iron group alloy coatings make them very promising materials, specifically for the application such as in automobile industry. The electrodeposition of Zn–Co alloys is especially of interest because these alloys have a significantly higher corrosion resistance than pure zinc. As characterized by Brenner, the electrodeposition of Zn-Co alloys from aqueous plating baths is a co-deposition of the anomalous type; that is, the less noble component, zinc, deposits preferably with respect to the more noble cobalt. Because of this fact, the cobalt content in the Zn-Co alloys produced from aqueous plating baths is usually low. Although there are numerous publications regarding Zn-Co alloy with low Co content, there has not been much work reported on Zn-Co alloys with higher Co content. 

The aim of this work was to investigate Zn-Co codeposition from different simple plating baths at the same current density, and to find out whether a change in the type of the plating bath could produce alloys with a higher Co content that could offer a better corrosion protection. The influence of the type of the plating bath (sulphate and chloride baths with different amounts of Co2+ ions) on the chemical composition, surface roughness, morphology of alloy coatings, as well as their corrosion stability, was examined.  It was shown that Zn-Co alloy with the highest corrosion stability was obtained from chloride plating bath with high [Co2+]/[Zn2+] ratio.
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Introduction

It is well-known that zinc alloys can provide protection of steel against corrosion, with Zn–Ni, Zn–Co and Zn–Fe being most commonly used [1-6]. The electrodeposition of zinc–cobalt coatings has attracted much interest since these alloys demonstrate higher corrosion protection, and other superior properties, namely hardness, ductility, internal stresses, paintability, weldability [7-8]. Zinc–cobalt alloys provide a sacrificial protection to steel, and the usual amount in Zn-Co alooys is 1-2 % Co. These alloys are currently considered a practical alternative to cadmium for applications in the automotive industry. 

Different plating baths for Zn-Co codepositions were reported in the literature, giving deposits with varied properties [9-13]. The different properties of alloy coatings depend on their structure and composition, whereas the structure and composition of alloy coating are determined by many parameters, such as temperature of the plating bath, the type of the bath, deposition current density or deposition potential [14-16].  

As characterized by Brenner [17], the electrodeposition of Zn-Co alloys from aqueous plating baths is a co-deposition of the anomalous type; that is, the less noble component, zinc, deposits preferably with respect to the more noble cobalt. Because of this fact, the cobalt content in the zinc-cobalt alloys produced from aqueous plating baths is usually low [18]. Although there are numerous publications regarding Zn-Co alloy with low Co content [7,19-21], there has not been much work reported on Zn-Co alloys with higher Co content. 
The aim of this work was to investigate Zn-Co codeposition from different simple plating baths at the same current density, and to find out whether a change in the type of the plating bath could produce alloys with a higher Co content that could offer a better corrosion protection. The influence of the type of the plating bath (sulphate and chloride baths with different [Co2+]/[Zn2+] ratio) on the chemical composition, surface roughness, morphology of alloy coatings, as well as their corrosion stability, was examined. The concentration of chemical components in the plating bath is very important in determining the optimal concentrations of certain elements, especially in industrial plating. Since chloride and suplhate plating baths are mostly used in industry, the differences in alloy deposits obtained from these plating baths will be shown in this work. 
Experimental 
Zn-Co alloys were deposited galvanostatically on a steel panel from chloride and sulphate baths (Table 1). The employed electrolytes were prepared using p.a. chemicals and double distilled water. 

Table 1. Plating baths

	Solution
	jdep / A dm-2
	t / ºC
	pH

	ZnCl2
0.1 mol dm-3 CoCl2(6H2O
0.03 or 0.5 mol dm-3
H3BO3
0.4 mol dm-3
KCl
3.0 mol dm-3
	4.0
	25
	5.5

	ZnSO4(7H2O
0.1 mol dm-3  

CoSO4(7H2O
0.03 mol dm-3  

H3BO3
0.32 mol dm-3
KCl
2.0 mol dm-3
	4.0
	25
	5.5


The steel substrates were pretreated by mechanical cleaning (abrading successively with emery papers of the following grades: 280, 360, 800 and 1000) and then degreased in a saturated solution of sodium hydroxide in ethanol, pickled with a 1 : 1 hydrochloric acid solution for 30 s and finally rinsed with distilled water. Counter electrodes were: a zinc panel, placed parallel to steel panel for alloy coating deposition, or Pt spiral wire for corrosion measurements. The reference electrode used in all experiments was a saturated calomel electrode (SCE).
The corrosion stabilities of the electrodeposited Zn-Co alloys were determined following the open circuit potential in 3% NaCl solution. 

Chemical composition and surface morphology
The surface roughness of alloy coatings was measured using TR200 Surface Roughness Tester.
The surface morphology of different Zn-Co deposits was observed by optical microscope Olympуs CX 41 with Olympуs UC 30 camera. 

Results and discussion 

Surface roughness of Zn-Co alloy coatings
The macroroughness of Zn-Co alloy coatings electrodeposited on steel from different plating baths was experimentally determined and the results obtained are shown in Figs 1-3. The profile lines of different alloy surfaces indicate a clear difference among the alloy coatings investigeted. The results of the arithmetical mean deviation of profile, Ra, given as the arithmetic mean of the absolyte values of profile, yi (equation 1) are shown in Table 2. The highest surface roughness was obtained for Zn-Co alloy deposited from chloride plating with [Co2+]/[Zn2+] = 0.3, even though it was not significantly different from the surface roughness of Zn-Co alloy deposited from sulphate bath. 
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	Fig. 1. The profile lines for Zn-Co alloy deposited on steel from sulphate plating bath 
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	Fig. 2. The profile lines for Zn-Co alloy deposited on steel from chloride plating bath with [Co2+]/[Zn2+] = 0.3 
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	Fig. 3. The profile lines for Zn-Co alloy deposited on steel from chloride plating bath with [Co2+]/[Zn2+] = 5.0 


As can be seen from the Figs. 1-3 and Table 2, the smoothest Zn-Co alloy surface was obtained for Zn-Co alloy deposited from chloride plating with [Co2+]/[Zn2+] = 5.0.
Table 2. The surface roughness, Ra, of electrochemically deposited Zn-Co alloys from different plating baths at 4.0 A dm-2
	Plating bath
	Ra / µm

	Sulphate [Co2+]/[Zn2+] = 0.3 
	2.766

	Chloride [Co2+]/[Zn2+] = 0.3

	3.155

	Chloride [Co2+]/[Zn2+] = 5.0

	0.296


Corrosion behavior
The Zn-Co plated specimens (10 (m thickness) were immersed in a 3% aqueous NaCl solution and the open circuit potential (Eocp) was measured daily, in order to investigate the corrosion resistance of different Zn-Co deposits. Fig. 4 shows the time dependence of Eocp for steel plated by Zn-Co alloys deposited at 4 A dm-2 from sulphate and two chloride baths. The open circuit potential of bare steel surface in 3% NaCl was –640 mV vs. SCE and it is marked with a dotted line in Fig. 4. The potentials of the Zn-Co alloys are more negative than Eocp of steel base, under the same conditions, so Zn-Co deposits offer sacrificial cathodic protection. 
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	Fig. 4. The dependence of Eocp for Zn-Co alloys deposited on steel from different plating baths at 4 A dm-2 (10 μm thickness).


The Eocp values of steel coated with Zn-Co alloys increase positively with time of immersion and reach the steel Eocp, which represents loss of the deposit and the start of a corrosion process. The open circuit potentials of alloys deposited at the same current densities from chloride and sulphate baths differ initially but eventually reach almost the same values. The initial Eocp difference is due to the difference in the chemical composition (Table 3). The Zn-Co alloy deposited from the sulphate and chloride bath with [Co2+]/[Zn2+] = 0.3 is rich in Zn (Table 3) and thus the initial Eocp of this alloy is close to the potential of zinc (-1.050 V vs. SCE). The Eocp of Zn-Co alloy obtained from a chloride bath with [Co2+]/[Zn2+] = 5.0 also lies somewhere between the open circuit potentials of pure Zn and pure Co, since these alloys have significantly higher amount of Co (Table 3). The results of the visually observed alloy destruction in 3% NaCl solution, or the appearance of red rust on the steel base, are presented in Table 3. 

All Zn-Co alloy coatings investigated in this work showed better corrosion stability that pure zinc coating and coating with the highest Co content had the highest corrosion resistance. Visually, it could be seen that among steel panels with Zn-Co deposits the one deposited from the sulphate bath was destroyed first. These results indicate that the Co content in the alloy is not the only factor responsible for good corrosion protection, since Co content in alloy deposits obtained from chloride bath with [Co2+]/[Zn2+] = 0.3 was the lowest, yet it had better corrosion stability as compared to alloy deposited from the sulphate bath. 

Table 3. The time of red rust appearance for Zn-Co alloys deposited from different plating baths at 4.0 A dm-2
	Plating bath
	Co / wt. %
	Time / days

	Sulphate [Co2+]/[Zn2+] = 0.3 
	2.8
	144 

	Chloride [Co2+]/[Zn2+] = 0.3

	1.7
	280 

	Chloride [Co2+]/[Zn2+] = 5.0

	14.2
	310 

	Zn
	_
	96


Surface morphology
The surface morphology of electrodeposited Zn-Co alloys was investigated using optical microscopy. Typical surface morphologies of some of the deposits obtained from different plating baths are shown in Figs. 5-7. 
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	Fig. 5. The microphotography of Zn-Co alloy coating deposited from sulphate plating bath (magnification 10 x).


The non-homogonous Zn-Co alloy coating deposited from sulphate plating bath could be seen from Fig. 5. On the contrary, the Zn-Co electrodeposits obtained from both chloride plating baths are homogenous, however, with completely different surface morphology (Figs. 6 and 7). The coarse surface morphology of alloy deposit obtained from chloride bath with [Co2+]/[Zn2+] = 0.3 (Fig. 6) is made up of clearly separated greater crystals, while deposit obtained from chloride bath with [Co2+]/[Zn2+] = 5.0 is of dense, very fine structure.   
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	Fig. 6. The microphotography of Zn-Co alloy coating deposited from chloride plating bath with [Co2+]/[Zn2+] = 0.3  (magnification 10 x).
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	Fig. 7. The microphotography of Zn-Co alloy coating deposited from chloride plating bath with [Co2+]/[Zn2+] = 5.0  (magnification 10 x).


Finer grained structure of Zn-Co alloy obtained from chloride bath with higher [Co2+]/[Zn2+] ratio, as compared to the microstructure of deposit obtained from chloride bath with lower [Co2+]/[Zn2+] ratio, resulted in better corrosion stability, probably because small grain size create more grain boundaries that act as a corrosion barrier [22]. In addition, the non-homogenous morphology of Zn-Co deposits obtained from sulphate bath resulted with the poor corrosion protection. 
So, it could be concluded that different surface morphology, obtained from different plating baths, mostly influenced the corrosion properties of deposits. It was shown that the deposits obtained from chloride baths lasted longer than deposit obtained from sulphate bath. Since the deposit roughness is enhanced with smaller amount of Co in the bath, it could be concluded that among all deposits investigated in this work, the smoothest and homogenous one, obtained from chloride bath with [Co2+]/[Zn2+] = 5.0, showed the best corrosion stability. 

Conclusions

On the basis of the results presented it could be concluded that a type of the plating bath has a significant influence on the surface roughness, morphology and corrosion stability of electrodeposited Zn-Co alloy coatings. 
Deposition from chloride baths were homogenous, with the different surface morphology, and resulted with better corrosion stability as compared to the inhomogenous deposit obtained from the sulphate bath. 

The dense, fine grained Zn-Co alloy deposit, of the smallest surface roughness, obtained from the chloride bath with [Co2+]/[Zn2+] = 5.0, showed the best corrosion properties, since the red rust appeared after the longest exposure time to 3 % NaCl (310 h). 
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