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ABSTRACT 
Materials degradation due to simultaneous chemical and mechanical effects may occur under a 

variety of conditions. Galvanized and zinc-iron electrodeposited steels are widely used to protect automobile 
bodies against corrosion. In such applications, it is important to investigate the electrochemical and 
tribological behaviour of the coatings, in order to understand the behaviour of those surfaces in a tribological 
contact exposed to a corrosive environment. In the present paper, the evolution of open circuit potential, for 
both surfaces, was monitored during reciprocating sliding against an alumina pin in a 3% NaCl solution. The 
coatings are compared in terms of electrochemical behaviour by polarization tests, open circuit potential and 
friction coefficient during sliding; and loss of mass after sliding. The surface morphology, after sliding, was 
examined by SEM. Under the experimental conditions of the present study, the results found in terms of 
corrosion and wear resistance could be correlated to the differences in morphology, rugosity and composition 
of the two analysed surfaces. 
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1 INTRODUCTION 
Metallic zinc has a great number of characteristics that makes it well appropriate to be used as a 

coating for steel surfaces. Namely, it has the ability of improving steel and iron corrosion resistance. This 
protection method has been used for many years, mainly in automotive industry, which has contributed for 
the development of these coatings [1]. Zinc coatings can be obtained by different techniques such as 
immersion (hot dip galvanizing), electroplating and metallizing [2]. 

Hot dip galvanized zinc coatings are used in all applications requiring atmospheric corrosion 
protection of steel like roofing, automotive, air conditioners and others. Electroplated zinc alloys coatings 
may be applied instead of hot dip galvanizing to improve surface finishing and for finer control of steel 
products dimension [3]. Due to their particular micro structure characteristics, specifically the stability of 
zinc-iron phases, Zn-Fe alloys have shown excellent corrosion resistance, good paintability and 
conformability [4]. 

Research on zinc and zinc alloys is rather concentrated on the study of their structure, morphology 
and corrosion resistance, most of times related to their application as corrosive protective coatings [5, 6, 7]. 
On the contrary, less attention has been given to the study of mechanical properties of zinc and zinc alloys 
[8]; although there are several practical applications, in which they are subjected to mechanical solicitations, 
namely wear. Additionally, both wear and corrosion resistance may be required in some practical situations. 
Under these conditions, the rate of degradation of the material cannot be predicted simply from the 
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knowledge of the wear resistance in the absence of corrosion or from the corrosion resistance in the absence 
of friction, because of the synergistic effects between mechanical and chemical degradation [9, 10]. Besides 
that, the friction and wear behaviour depends on the surface roughness [10]. 

In this study, the sliding wear resistance behaviour of hot-dip galvanized and zinc-iron 
electrodeposited coatings, against an alumina pin in a pin-on-disc set-up immersed in a NaCl solution is 
investigated. During wear tests, the evolution of the open-circuit corrosion potential was monitored. The 
behaviour of both coatings is compared in terms of open-circuit corrosion potential, friction coefficient and 
loss of mass after sliding.  

2 EXPERIMENTAL 

Commercial galvanized steel and Zn-Fe electroplated steel were used in present study. Zn-Fe alloy 
coating was electrodeposited from an alkaline solution using a current density of 30mA/cm2. In both cases, 
40 x 40 mm samples were used in all the tests. Cross-sections of the coatings were inspected by scanning 
electron microscopy (SEM) in order to evaluate coating thickness uniformity and morphology. 

In electrochemical tests it was used a potentiostat/galvanostat (EG&G Par, 273-A) to obtain the 
Potentiodynamic polarization curves with a potential scan from -1600 to 0 mV at a scan rate of 2mV/s. A 
three-electrode cell arrangement was used with a sample exposed area of 1 cm2. The reference electrode was 
a saturated calomel electrode (SCE) and platinum was used as counter electrode. The electrolyte was a 3% 
NaCl solution  

Reciprocating sliding wear tests were performed in a pin-on-plate tribometer (Plint TE67). An 
alumina pin was used as counterface. Tests were carried out with an applied normal load of 3 N during 2 
hours with dislocation amplitude of 3 mm. The plate was immersed in a 3% NaCl solution with sample 
exposed area of 0.70 cm2. The friction coefficient was continuously monitored during the test.  The average 
roughness of the samples was measured with a Mitutoyo SJ 201 roughness meter. 

The open-circuit potential (OCP) was monitored before, during and after the sliding test with a 
Voltalab potentiostat (Radiometer, Denmark), controlled by the Volta Master-4 software. SCE was used as 
reference electrode and the counter electrode was platinum. The weight loss was obtained by weighting the 
samples before and after each test on a balance. Wear tracks were examined by SEM/EDS. 

3 RESULTS AND DISCUSSION 

3.1 Electrochemical Characterisation of the Coatings 

In Figure 1 the representative micrographs of the samples cross-sections are presented. The coating 
thickness was estimated from SEM observations. As expected, the hot-dip galvanizing process provided a 
thicker coating (17.0 ±1.5 μm), than the ZnFe electrodeposited one (7.3±0.2 μm) [3]. 

  (a) (b)

 

Figure 1: SEM images of cross sections of samples. (a) Galvanised – (b) ZnFe.  

In Figure 2 representative potentiodynamic polarisation curves obtained for both samples are 
presented. As it can be seen, both samples present a similar electrochemical behaviour, degradation process 
starts at same current densities, above the corrosion potential (E(i=0)) potential.  By these results is possible to 
state that the thickness of coatings has not influence upon electrochemical behaviour. 
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Figure 2: Potentiodynamic polarisation curves of coated samples in a 3% NaCl solution. 

3.2 Tribocorrosion Tests 

In Figure 3 the evolution of the open-circuit potential (OCP) during the tribocorrosion tests is 
presented. The samples were immersed in the solution for at least one hour before beginning the sliding 
procedure. As it can be seen, when sliding starts, an abrupt decrease in OCP is observed, indicating that the 
thermodynamic tendency for corrosion is increased, probably due to destruction of the protective layers 
formed at the surface of the samples, caused by mechanical action.  The decrease of corrosion potential is 
more pronounced in Zn sample than in  Zn-Fe sample . Nevertheless, during sliding a different behaviour is 
observed between samples. As it can be seen, for sample Zn-Fe (figure 3a), a monotonic increase of OCP 
occurs after ca. 30 minutes of sliding. On the contrary, after a small recovery in the first minutes of the test, 
the open-circuit potential of the Zn sample continuously decreases during sliding. 

 

Figure 3: Evolution of samples open-circuit potential during the sliding tests.  
(a) ZnFe sample; (b) Zn sample. 

In Figure 4 the evolution of the OCP friction coefficient with sliding time are plotted . In Table 1 the 
surface roughness of the samples, measured before tribocorrosion tests, and the weight losses calculated after 
tests are presented. It should be referred that the weight loss of the samples arises both from the material 
removed by wear and from the corrosion process. As can be seen in Figure 4, after an initial running- period 
(ca. 6min.), in which the surface of the Zn coated samples adapts to the surface of the alumina pin, the 
friction coefficient keeps almost constant during the sliding test. Small oscillations of both the friction 
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coefficient and the corrosion potential are observed during the tribocorrosion test, which might be attributed 
to the ejection of wear debris from the contact area [13]. 

Table 1: Average Roughness and weight loss for both samples. 

 Samples 

Zn ZnFe

Average roughness (μm) 0.34 0.52 

Weight loss (g) 1.11 3.50 
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Figure 4: Friction coefficients and potential during sliding of the ZnFe  
and Zn coatings versus sliding distance. 

Regarding the Zn-Fe sample it can be observed an intermediate region of the curve, between 14 and 
50 min after the starting of sliding, in which the friction coefficient increases up to a maximum, then 
decreases   towards   a steady-state value. This region corresponds to the minimum value of corrosion 
potential recorded during the test, suggesting that significant modifications are occurring in the wear track 
during this period. The oscillations in both friction coefficient and of corrosion potential during the 
tribocorrosion test are also more pronounced in the Zn-Fe sample, indicating that the events corresponding to 
the formation and ejection of wear debris are more important in this material. As indicated in Table 1, the 
initial surface roughness of the Zn-Fe sample is substantially higher than that of the Zn sample. A higher 
roughness could result in a higher friction coefficient, but, as observed in Figure 4, this behaviour is not 
remarked; indicating that other aspects, such as the structure of the coatings, the formation of tribolayers 
and/or corrosion products affects the characteristics of the mechanical contact. 

In fact, when the micrographs of wear tracks are observed it is possible to see that the Zn-Fe surface 
shows more debris particles when compared to galvanized surface, Figure 5.  A spread structure is visualized 
on the wear track of Zn-Fe surface, Figure 5d. This fact could indicate plastic deformation of the coating or 
wear particles compacted. Plastic deformation could take off relatively large particles by an adhesive wear 
mechanism [9]. On the contrary, at the galvanized surface defined grooves were observed on the wear tracks. 
Some sticking of fragmented abrasive particles could also been observed, Fig 5b. These remarks are 
indicative that the wear mechanism predominant to galvanized surface was abrasive wear [14, 15]. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5: Scanning electron micrographics of areas in the wear tracks of Zn and zinc-iron coatings.  
(a) and (b) galvanized; (c) and (d) ZnFe. 

 
Figure 6: micrograph of wear/corrosion products on the wear track of the Zn-Fe sample. 

Actually, as illustrated in Figure 6a, at the surface of the wear track formed on the Zn-Fe sample, 
heterogeneous spherical-like agglomerates of wear/corrosion products are observed. These products were not 
seen on the wear tracks of zinc, which appeared almost free of wear debris. These observations have a two-
fold relevance. First the presence of the wear/corrosion products appears to be responsible for the relatively 
low friction coefficient monitored during the test. But, on the other hand, it indicates that the formation of 
wear/corrosion debris becomes quite more important in the Zn-Fe samples. Consequently, the weight loss 
measured after the tribocorrosion test is significantly higher in the Zn-Fe sample, when compared with the 
hot-dip galvanized coatings, as indicated in Table 1.  

4 CONCLUSIONS 

The tribocorrosion behaviour of commercially available hot-dip galvanized and Zn-Fe 
electrodeposited coatings were compared in a 3% NaCl solution under reciprocating sliding.  From the results 
presented could be concluded that the wear-corrosion behaviour of the hot-dip galvanized coatings is superior 
to that of Zn-Fe samples. Under tribocorrosion conditions, significant amounts of wear/corrosion products 
are formed in the wear track of the Zn-Fe samples, causing a decrease of the friction coefficient. However, 
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because this debris are constantly ejected from the wear track, and the mechanical contact continuously 
destroys any corrosion protection layers formed at the surface of the material, significant material removal 
occurs. 
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