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The effect of  Ar  +, N + and O + implantations on the electrochemical behaviour of  electrodeposited zinc 
with and without chromate coatings has been studied. Cyclic vol tammetry in deaerated 0.5 M sodium 
sulphate solution was used to provide information on the anodic dissolution properties of  the 
specimens. It is shown that N + implantation on zinc forms an electrochemically inert surface layer. 
XPS analysis has indicated zinc nitride formation in the N~--implanted layers. Ar  + and O + implanta- 
tions enhance the anodic dissolution of  zinc coatings. The higher current  may be due to an i=acrease in 
surface roughness due to the ion beam bombardment ,  as shown in the electron micrographs. Compact  
oxide layers could not  be formed on zinc by oxygen implantation. It is established that O + and N + 
implantations are effective in improving the protective nature of  chromate films and oxygen implanta- 
tion has a stronger effect than the nitrogen implantation. After implantation into chromated zinc 
layers the reaction current is reduced considerably. It is shown that the implanted specimens maintain 
low anodic current with repeated potential sweeps. Chromate films become more compact  after 
implantation; this is supported by electron microscopy. Nitrogen is not  detected in the N+-implanted 
chromated zinc electrodeposits. In contrast, Ar  + implantation causes destruction of  the chromate 
films and the anodic dissolution current  is enhanced. 

1. Introduction 

Electrodeposited zinc layers have been used increas- 
ingly as protective-decorative coatings for iron and 
steel. The sacrificial protective properties of zinc, 
along with its low price, are the reasons for its wide 
use in various industries [1]. Much research has been 
invested to provide brighter zinc deposits with good 
corrosion protective properties. These properties are 
improved by formation of conversion chromate films 
on zinc electrodeposits [2-8]. An increase in corrosion 
resistance may be achieved by codeposition of small 
amounts of other metals, as shown in [9-14] and 
other publications. 

Ion implantation has been tested as a modern 
technique for the formation of corrosion protective 
surface layers on metals [15-17]. It was shown that 
ion implantation in steels gave improved corrosion 
resistance if properly selected implanted elements, 
fluxes, and energies were used [17]. This technique 
has the advantage that, unlike coatings, no dimen- 
sional changes are made to the structures treated 
and no discrete interface is produced. The surface 
modification can be achieved by ion implanting 
either a passivating element [18-21] or a non- 
passivating element [22, 23]. The ion implantation of 

chromium, titanium and lead modifies corrosion 
behaviour [24]. Chromium implantation inhibits the 
anodic dissolution of iron [25] and tantalum ions 
improve the corrosion resistance of iron. The anodic 
dissolution behaviour of Si and Ti-implanted iron 
was studied by Okabe et al. [26]. The effect of ion 
implantation was investigated in the case of iron 
electrodes implanted with nitrogen, argon, zinc, 
nickel, and chromium [27]. Ashworth et al. [28] 
found that argon implantation in iron resulted in a 
thickening of the air-formed film. The effect of 
nitrogen and boron implantation on the corrosion 
behaviour of iron and stainless steels was investigated 
by means of a potentiodynamic polarization method 
[29]. Nitrogen implantation was found to have a 
positive effect with respect to corrosion inhibition of 
electrodeposited chromium films [30]. A1-Saffar et 
al. [31] reported that implantation with molybdenum 
resulted in significant improvement in both the 
general corrosion and pitting resistance of pure 
aluminium and a high strength aluminium alloy. 
Double-ion implantation with both chromium and 
oxygen was found to be more effective for inhibition 
of the anodic dissolution of iron than a chromium 
single-ion implantation [32]. The inhibition of anodic 
dissolution of the specimens by ion implantation 
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correlated with the improvement of their corrosion 
resistance. The technique of double-ion implantation 
combined with electrochemical oxidation was used 
for colouring of iron surfaces [33]. 

In this study ion implantation of Ar +, N + and O + 
was carried out for the modification of zinc layers 
electrodeposited on iron from two points of view: (i) 
to examine the effect of the ion implantation on 
dissolution of zinc as an electrochemically active 
metal; and (ii) to reveal the ion implantation effect 
on the protective nature of chromate layers on zinc. 

2. Experimental details 

Zinc coatings were deposited on iron specimens from 
a slightly acidic electrolyte with the following com- 
position (in gdm-3): ZnSOa.7H20 110; NHaC1 30; 
H3BO 3 30; and organic additives: polyethylene glycol 
8.5; benzylidene acethone 0.6; as per patent compo- 
sition [34]. The process was performed at a tem- 
perature of 20-25 ° C, pH4.5 and cathodic current 
density 2 A dm -2. The thickness of the zinc coatings 
was 20 #m. The chromate layers on zinc coated speci- 
mens were obtained by treatment of the specimens in 
solutions for iridescent yellow chromatization [35] at 
20-25°C for 30s. The thickness of the chromate 
films was approximately 0.5 #m. 

Ion implantation of Ar +, N + and 02+ was carried 
out with ionic fluxes of (1 .5-2.0)× 1017ionscm -2, 
at an energy of 150keV by a 200kV low current 
implanter. The pressure of the target chamber and 
the target temperature during the ion implantation 
were kept at approximately 1 × 10 -4 Pa and 30-80 ° C, 
respectively. 

Cyclic voltammetry was carried out to provide 
information on anodic dissolution behaviour of the 
specimens by using a conventional three-electrode 
cell system [27]. The zinc coated specimens were 
used as working electrodes. The potential-sweep rate 
was 10mVs -1. The potential-sweep range was from 
-1.35 to -1 .05V against a saturated calomel 
electrode (SCE), which was chosen to measure the 
anodic dissolution of zinc from preliminary cyclic 
voltammograms (CVs) within various potential 
ranges. A 0.5 M Na2SO4 solution was used as electro- 
lyte; this was therrnostated at 25 ° C, and deaerated by 
nitrogen bubbling. 

Surface analysis was carried out using X-ray photo- 
electron spectroscopy (XPS). The surface morphology 
of the specimens before and after the implantation 
was studied by scanning electron microscopy (SEM) 
using a JEOL 53000 unit. 

3. Results and discussion 

Four of each kind of specimens (nonimplanted, Ar +- 
implanted, N2+-implanted, O~--implanted electro- 
deposited zinc, and nonimplanted, Ar+-implanted, 
N+-implanted, O~--implanted chromated electrode- 
posited zinc) were studied. Multisweep cyclic vol- 
tammograms (CVs) were measured to compare the 

effect of ion implantation on the anodic dissolution 
behaviour of electrodeposited zinc (ZnE) and 
chromated electrodeposited zinc (Cr-ZnE). Cyclic 
voltammetry was used as an evaluation method 
because the implanted layer is gradually changed 
with dissolution at each potential sweep. The reac- 
tivity and durability of the ion-implanted surface 
layer was evaluated and good reproducibility of the 
results was achieved. 

3.1. Voltammetric behaviour of the electrodeposited 
zinc 

The CVs for Ar + and O~--implanted ZnE, as shown in 
Fig. l(b) and (d), respectively, show higher anodic 
dissolution currents than that of nonimplanted ZnE 
(Fig. l(a)). In contrast, the N2+ implantation 
depresses the anodic current, as shown in Fig. 1 (c). 

These results suggest that the Ar + and O + 
implantations enhance the anodic dissolution of 
zinc; however, the N + implantation provides an 
electrochemically-inert surface layer on zinc. 

3.2. Voltammetric behaviour of chromated zinc 

The effect of the ion implantation on the anodic 
dissolution of Cr -ZnE shows a relatively small 
current on CVs suggesting that the chromate treat- 
ment is effective in protection against the anodic 
dissolution of zinc. N + and 02 + implantations remark- 
ably depress the reaction currents, which means that 
ion implantations improve the protective nature of 
the chromate layers (Fig. 2(c) and (d)). The Ar +- 
implanted Cr -ZnE shows higher current (Fig. 2(b)) 
than those of nonimplanted Cr -ZnE (Fig. 2(a)) and 
ZnE (Fig. l(a)). 
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Fig. 1. Cyclic voltammograms at ne = 3 for the ZnE in 0.5M 
Na2SO4. (a) nonimplanted, (b) Ar+-implanted, (c) N+-implanted, 
(d): + 0 2 -implanted ZnE. 
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Fig. 2. Cyclic voltammograms at n c = 3 for the Cr-ZnE in 0.5 M 
Na2SO4. (a): nonimplanted, (b): Ar+-implanted, (c): N~-- 
implanted, (d): ©+-implanted Cr-ZnE. 

3.3. Evaluation of dissolution inhibition by the anodic 
current 

To compare  the characteristics of  electrodes 
implanted with various kinds of  ions, the anodic 
dissolution current density at - 1 . 5 V ,  ia, at each 
potential sweep is plotted against the cycle number,  
n c. Relatively stable multisweep cyclic voltam- 
mograms  were obtained within the potential range 
- 1.35 to - 1.05 V vs SCE. In the cathodic potential 
range more negative than - 1 . 3 5 V  hydrogen evol- 
ution reaction current increased, so that  the potential 
range for the multisweep cyclic vol tammetry is limited 
up to -1 .35  V. When the potential was swept more 
positive than -1 .05V,  the current increased steeply. 
For  this reason the current at E -- -1 .05  V was con- 
sidered as a value for comparison of  the surface layer 
properties. 

Figure 3 shows the ia-nc relationship for ZnE. Ar  + 
and ©+-implanted ZnE, (b) and (d) in Fig. 3, show 
similar patterns to that of  nonimplanted ZnE, (a) in 
Fig. 3, whereas the currents for implanted ZnE are 
higher than those for the nonimplanted case. This 
suggests that implantation of Ar  + and 02 + does not 
inhibit the anodic dissolution of  zinc, and the higher 
current may be due to the increase in the surface 
roughness due to the ion bombardment .  These results 
are in good agreement with the results for argon 
implanted iron [17]. In that case a significant effect 
of  argon implantation on corrosion inhibition cannot 
be observed because argon implantation results in the 
formation of radiation damage or bubbles. 

The effect of  the surface roughness after the ion 
implantation can be distinctly seen in Fig. 5 for 
Ar+-implanted ZnE. The specimen surface exhibits 
the nonuniformly faceted and cracked surface 
characteristic of  the implanted state. Roughening of 
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Fig. 3. Anodic dissolution current (ia) against cycle number (no) 
relationships for the ZnE. (0) Nonimplanted; (A) Ar+-implanted; 
(0) N+-implanted; and (V) ©+-implanted. These correspond to 
(a)-(d) in Fig. 1, resp. 
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Fig. 4. Anodic  dissolution current  (ia) against cycle number  (ne) 
relationships for the Cr-ZnE. ( I )  Nonimplanted; (A) Ar +- 
implanted; (©) N~--implanted; and + 02 -implanted Cr-ZnE (i = 0). 
These correspond to (a)-(d) in Fig. 2, resp. (0) Nonimplanted ZnE. 
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Fig. 5. Electron micrographs of Ar +-implanted ZnE. 

the specimen surface is caused by bubble formation 
with high dose implantation. The bubble formation 
may be related to the stability of the elements 
implanted onto the target material. Argon is unstable 
in zinc substrate. Zinc oxide is stable as a compound 
but it does not make a compact oxide layer. 

The ia-n c relationship for N+-implanted ZnE, (c) 
in Fig. 3, shows low anodic current at nc < 6, 
which indicates that the N~--implanted surface layer 
disturbs the dissolution of zinc. However i a increases 
at nc > 6, that is the layer is removed with repeated 
potential sweeps. XPS analysis has indicated zinc 
nitride formation in the N+-implanted layer. 

Corrosion inhibition by N + implantation was 
observed for many specimens, such as pure iron, low 
carbon steel and tool steel, which had been kept at 

atmospheric room temperature for a long time. The 
cavitation (corrosion-erosion) resistance of 1018 
steel was improved by nitrogen implantation [36]. 
It was also considered that the improvement of 
corrosion inhibition for nitrogen implanted electro- 
deposited chromium films is due to the fact that 
implanted nitrogen atoms combine with chromium 
to form chromium nitrides [30]. These results show 
that nitride formation may inhibit the corrosion of 
some metals. 

Surface oxide is formed on the freshly N +- 
implanted ZnE during exposure to the atmosphere; 
zinc oxide is registered by XPS. The zinc oxide film 
is not dense but it has been shown [28, 37] that air- 
formed films tend to grow to a greater thickness on 
implanted surfaces compared to nonimplanted. This 
effect may be due to the high defect concentration 
produced by radiation damage, which stimulates 
oxidation, and the temperature to which the sample 
has cooled down to when it is exposed to the 
atmosphere. The zinc oxide layer is removed by 
cathodic reduction during cyclic voltammetry. 

A significant influence of the ion implantation 
appeared on the anodic dissolution behaviour of 
Cr-ZnE, as shown by the ia-nc relations in Fig. 4. ia 
for the O+-implanted Cr-ZnE, could not be plotted in 
the Figure, because the ia'S are approximately zero for 
nc = 1-15. 

The figure shows that ia'S of Cr-ZnE (see (a) in Fig. 
4) are lower than those of ZnE suggesting that 
the chromate treatment is effective for corrosion pro- 
tection of zinc. Further, the currents are significantly 

Fig. 6. Electronmicrographs. (a) nonimplanted, (b) Ar+-implanted, (c) N+-implanted, (d) O+-implanted Cr-ZnE. 
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lowered by O + and N~- implantation onto the 
Cr-ZnE. The O + and N+-implanted Cr-ZnE main- 
tain low anodic current with repeated potential 
sweeps. These results show that the ion implantation 
is effective in improving the protective nature of the 
chromate layers, due to structural and composition 
changes of the layers by the ion bombardment. The 
formation of a compact chromium oxide layer is 
induced by ion implantation. Figure 6(d) shows the 
formation of a denser chromate film, as compared 
with the nonimplanted Cr-ZnE, Fig. 6(a), which 
demonstrates a close relationship with the decrease 
in the current density to very small values. In the 
case of N + implantation, there are visible changes in 
the surface structure, Fig. 6(c), as compared with 
norlimplanted specimens, Fig. 6(a). The chromate 
films become strong sufficiently to protect the zinc 
substrate. 

The distribution of the elements incorporated into 
chromate coatings on zinc electrodeposits (Cr-ZnE) 
was previously investigated by means of Auger 
analysis [38]. It was shown that chromium is irregu- 
larly distributed in the chromate film. Chromium 
accumulates in the surface layer of the chromate 
film and its concentration decreases down to the 
chromate film/zinc interface. In the present work it 
was established that N + and O~- implantation onto 
Cr-ZnE causes chromium to be more regularly 
distributed across the depth of the chromate films; 
this is supported by XPS analysis data. Figures 7 
and 8 represent the binding energy spectra measured 
for O + and N+-implanted Cr-ZnE using XPS 
combined with argon sputtering. Chromium does 
not accumulate at the surface layer of the chromate 
film and the stoichiometry of the chromium oxides 
does not change through the depth of the film. 
Nitrogen could not be detected in the N+-implanted 
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Fig. 7. Binding energy spectra measured by means of XPS. (a) O~-- 
implanted Cr-ZnE; (b) the same specimen after argon sputtering 
for 30 rain. 
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Fig. 8. Binding energy spectra measured by means of XPS. (a) N~- 
implanted Cr-ZnE; (b) the same specimen after argon sputtering 
for 30 min; and (c) after argon sputtering for 130 min. 

Cr-ZnE specimens. Figure 8(c) shows that after 
130min argon sputtering the chromate film is com- 
pletely removed from the zinc substrate. It may be 
concluded that after oxygen and nitrogen implan- 
tation, chromate films on zinc become more homo- 
geneous with respect to their composition and 
structure; this factor improves their protective 
properties. 

On the other hand, Ar+-implanted Cr-ZnE gives 
higher ia'S than those of nonimplanted ZnE from the 
first potential scan; (n c = 1), Fig. 4(b). This is due to 
visible destruction of the chromate layer on zinc by 
the Ar + implantation, and is supported by electron 
microscopy, Fig. 6(b). There are holes caused by 
bubble formation with accumulation of argon in the 
surface layer. The accumulation may be induced by 
the low affinity between argon and the chromium 
oxides. In contrast, the oxygen implanted has a high 
affinity to the chromium oxides, thus producing a 
layer of high corrosion resistance. 

4. Conclusions 

(i) N + implantation into zinc gives an electro- 
chemically inert surface layer. The anodic 
current of implanted specimens increases after 
the six potential sweeps, which indicate that the 
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layer is removed with repeated cycling. XPS 
analysis indicated zinc nitride formation in the 
N~--implanted layers. 

(ii) Ion implantations of Ar + and O + are not effective 
in reducing the anodic dissolution of zinc. The 
higher anodic current is probably due to 
increased surface roughness due to the ion beam 
bombardment. A compact oxide layer could not 
be formed on zinc by oxygen implantation. 

(iii) The anodic dissolution of zinc is inhibited by 
chromate treatment. The inhibition is consider- 
ably improved by O + and N + implantation, 
which produces a highly corrosion resistant sur- 
face layer. In this case, implanted specimens 
maintain low anodic current with repeated 
potential-sweeps. 

(iv) Chromium accumulates in the surface layer of the 
chromate films on zinc. After oxygen and 
nitrogen implantation into Cr-ZnE, chromate 
films become more homogeneous in composition 
and structure; no accumulation of chromium in 
the surface layer of the chromate films is 
registered using XPS and the stoichiometry of 
the chromium oxides does not change with film 
depth. Nitrogen could not be detected in the 
N+-implanted Cr-ZnE by means of XPS 
analysis. 

(v) In contrast, Ar + implantation into chromated 
zinc electrodeposits enhances the anodic dissol- 
ution due to destruction of the chromate film on 
zinc. 
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