INFLUENCE OF TRANSPASSIVE DISSOLUTION ON MAGNESIUM ANODIZATION
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ABSTRACT
In the present work potential transients and current density transients during anodic film formation in NaOH were compared with potentiostatic and potentiodynamic measurements of Mg in order to study the influence of transpassive dissolution on anodic film formation. It was observed that anodic films do not grow in galvanostatic tests with very low current density. In this case potentials do not surpass the potential range of transpassive dissolution. At slightly higher current densities anodic films grow but periodic breakdown occurs with the potential falling back to transpassive dissolution. Potentiostatic tests showed that a non-protective hydroxide films is formed on the metal surface in the active potential region. At higher current densities stable anodic film growth is observed. Apart from the current density results depended on the NaOH concentration and on the alloy composition.
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INTRODUCTION
Valve metals like Al, Ti, Ta, Zr possess an extended passive range up to hundreds of volts. This property can be used to grow anodic oxide films with special electronic properties or to grow anodic films for corrosion protection. Metals with pronounced transpassive metal dissolution, like Fe, Cr, on the other hand, are not appropriate for corrosion protection by anodization. For magnesium and its alloys anodization is an extremely important method for corrosion protection. However, as is known since long time, passivity of magnesium breaks down at about +3V and heavy metal dissolution, which can reach current densities of various A/cm2, takes place [1,2]. Transpassive dissolution stops abruptly at a secondary passivation potential. It was observed that galvanostatic anodic oxide growth is possible even with current densities lower than that reached during transpassive metal dissolution. Despite of the importance of this issue for the understanding of anodic anti-corrosion films on magnesium no comprehensive research was made up to now. 
In the present work some basic aspects were investigated about the transpassive behavior of magnesium and the Mg-Al-Zn alloy AZ91 in NaOH solutions of varying concentrations.

MATERIALS AND METHODS
The electrochemical studies in this work were performed with high purity Mg, some tests were also performed with the Mg-Al-Zn alloy AZ91, with the compositions shown in Table 1. The electrolyte was aqueous NaOH with varying concentrations. 

The electrochemical cell consisted of two electrodes. The pure Mg electrode had an area of 0,3cm2, the alloy of 0,4cm2. The counter electrode was a stainless steel sheet of 8cm2. The cell was open; consequently the tests were performed in air saturated solutions. A DC/voltage supply with 1A/600V was used for anodization and for potentiodynamic tests. Specimens were anodized under galvanostatic / potentiostatic control, i.e., Films grew under galvanostatic control until reaching the predefined potential limit. From this moment on further film growth was potentiostatically controlled. Potentiodynamic tests were performed with a scan rate of 1V/min. starting from +1V. 
Table 1: Composition of magnesium and of the alloy AZ91.

	% (wt.)
	Al
	Fe
	Mn
	Si
	Zn
	Cu
	Ni
	Mg

	Mg
	0.002
	0.0015
	0.0015
	0.0015
	0.0015
	0.0004
	---
	balance

	AZ91
	8.0-9.5
	< 0.006
	0.10-0.40
	< 0.06
	0.30 – 1.0
	< 0.015
	< 0.001
	balance


RESULTS AND DISCUSSION
The behavior of pure Mg during the anodization tests in 0,1Mol/L NaOH is illustrated in Fig.1 for varying applied current densities. The potential limit in these tests was set to +90V. At 28mA/cm2 (Fig.1a) the potential rises initially up to about +25V, but then falls back to about +3V and does not rise any more. At higher applied current densities periodic potential oscillations appear (Fig.1b and 1c). At the end of this oscillation period the electrode reaches the potential limit and remains stable at this potential. Comparing Fig.1b and 1c it seems that the number of oscillations is lower the higher the applied current density. At very high current densities the potential rises constantly up to +90V (Fig.1d). 
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Fig.1: Current density and voltage transients during anodization tests with pure Mg in 0.1Mol/L NaOH as a function of the applied current density: a): 28mA/cm2; b) 200mA/cm2; c) 400mA/cm2; d) 1600mA/cm2
In Fig.2 this dependence on the applied current density is demonstrated as the charge, necessary to reach the potential limit as a function of applied current density. The lower the applied current density the higher is the necessary electric charge. When potentiostatic or slow potentiodynamic tests are made in 0,1Mol/L NaOH, transpassive Mg dissolution can be observed above ca. +3V, with the current density increasing linearly with the applied potential until reaching a critical current density or potential value. Above this critical value the current density diminishes various orders of magnitude and remains low until dielectric or mechanical film breakdown occurs (Fig.3). A comparison of the potentiodynamic curve in Fig.3 with the galvanostatic curves in Fig.1 shows, that the highest applied current density (1600mA/cm2) in Fig.1d is above the critical value in Fig.3 and consequently the potential rises due to film growth up to the defined potential limit of +90V. On the other hand, the applied current density of 28mA/cm2 in Fig.1a is much lower than the critical value in the potentiodynamic curve and therefore the potential in the galvanostatic test (Fig.1a) remains in the active region. In the case of the tests with 200mA/cm2 and 400mA/cm2, respectively (Fig.1b and 1c), the potential reaches the defined limit of +90V, although the current densities are clearly below the critical value of the potentiodynamic curve. The lower limit of the potential oscillations in these tests seems to be identical to the potential for secondary passivation, which is around +20V to +25V. 
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	Fig.2: Pure Mg in 0.1Mol/L NaOH: Charge per area necessary to reach 90V as a function of applied current density 
	Fig.3: Pure Mg in 0.1Mol/L NaOH: potentiodynamic test.


Microscopic examination of specimens held potentiostatically within the potential region of high current density reveals the formation of a lamellar film (Fig.4). Obviously, this morphology makes the film non-protective. The lamellar structure is typical for Mg(OH)2. According to Huber [1] who had already observed the formation of Mg(OH)2, this phase is thermodynamically more stable than MgO, consequently MgO is expected to transform to Mg(OH)2. At lower applied current densities the sample remains longer time in the active potential range, giving time for the formation of Mg(OH)2. Mizutani et al. [3] described the film formed potentiostatically at +3V in NaOH as the film with the best corrosion resistance. However, the potential oscillations, measured here, indicate formation and breakdown processes and prove the non-protective character of the film.
It is not clear why potential oscillations cease and the potential remains high after this oscillation period. It might be that the potential rises when occasionally the whole surface is covered by a Mg(OH)2 film or it might be that the surface is partially blocked by an insulating Mg(OH)2 film and the current density at the unblocked surface surpasses the critical value. The velocity of oxide formation (MgO) and of the transformation of oxide to hydroxide might also play an important role. At higher applied current densities the formation of MgO might be faster than its transformation to hydroxide. Films grown galvanostatically on AZ91 alloy up to 90V consist predominantly of MgO. Electrolyte concentration and alloy composition have an influence on the results. In the case of pure Mg the potential for secondary passivation rises abruptly from around +10V to around +20V to +25V when the NaOH concentration becomes higher than 0,1Mol/L (Fig.5). 
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	Fig.4: Surface of pure Mg after potentiostatic test in 4Mol/L NaOH in the active potential region (+7V).
	Fig.5: Potential for secondary passivation as a function of NaOH concentration for pur Mg and for the alloy AZ91 (Arrows mean that critical current density could not be reached because the limit of the current source was surpassed).
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Fig.6: Critical current density for secondary passivation as a function of NaOH concentration. a) pure Mg; b) alloy AZ91.

Since the dissolution is under ohmic control higher passivation potential combined with higher electrolyte conductivity cause a steep increase of the critical current density for secondary passivation (Fig.6a). The reason of the shift of the passivation potential from +10V to over +20V is not understood so far. In the case of the alloy AZ91 the passivation potential remains at about +10V, independent of the electrolyte concentration (Fig.5). As a consequence the increase of the critical current density with the electrolyte concentration is less strong (Fig.6b). This difference explains why the anodization of the alloy AZ91 is easier than that of the pure Mg. It has also been shown that various compounds used in anodizing baths for Mg alloys, such as fluoride, phosphate, stannate, act in the same way [4]: They lower the critical current density for secondary passivation.
CONCLUSIONS

The tests have shown that current density is an important parameter for the formation of anodic films on Mg and its alloys. It was shown that in the case of pure Mg in NaOH electrolyte higher applied current densities facilitate anodic film formation. Lamellar hydroxide is formed in the potential range between +3V and the potential for secondary passivation. The formation or not of a thin layer of poor adherent hydroxide near the metal surface might have a substantial influence on the anti-corrosion properties of the anodic films. 
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