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Abstract

The effect of electrolyte temperature on the corrosion characteristics of wrought AZ31B,
AZ61, and as-cast AZ91 Mg alloys in 0.1 M NaCl aqueous solution was analyzed. Systematic
studies indicate that AZ91 exhibits higher corrosion resistance than AZ61 at nearly room
temperatures. However, at high temperatures of around 55 °C, we observed contradictory
corrosion behavior, as demonstrated by potentiodynamic tests, electrochemical impedance
spectroscopy, potentiostatic tests, and cyclic corrosion tests. Of the three different Mg alloys
considered in this study, AZ61 shows the highest corrosion potential, lowest corrosion current
density, highest polarization resistance, and slowest pitting propagation kinetics at 55 °C.
These results can be attributed to the microstructure of AZ61 which contains nano-scale f-
phase particles effectively dispersed within the grains. On the other hand, AZ91 had many
grains that did not contain any g-phases, and hence observed lower corrosion behavior than
AZ61 at 55 °C. Of them, AZ31B suffered the severest increase in corrosion kinetics with high
uniform corrosion as the electrolyte temperature increased.

In order to improve the corrosion resistance of AZ31B Mg alloy, the surface was
anodized with a pulse potential between the anodic oxidation (10 Vagagci) and active regions

(—1.35 Vagager) in 2 M NaOH aqueous solution at 30 °C. Optimal conditions for the pulse

anodizing were a duty ratio of 91%, a frequency of 0.09 Hz, and an anodizing time of 600 s.
Pulse anodizing caused a remarkable decrease in the surface porosity (11-fold) and an
increase in the film thickness (1.6-fold) from those obtained under a constant potential of 10
Vagiagel- Furthermore, an Al-enriched crystalline oxide layer was formed on the outer surface

of MgO, which improves the corrosion resistance of the Mg alloy in neutral solutions. In

consequence, the pitting potential for the specimen pulse anodized increased to —1.36



Vagagel from 10 V of DC anodizing and the corrosion current density decreased to 60 + 10

nA cm 2

, resulting in an approximately 3-fold decrease in the corroded area after anodic
breakdown and salt spray tests.

For surface sealing, and therefore, achieving further enhancement in the corrosion
resistance of as-anodized AZ31B Mg alloy, stannate post-treatment of as-anodized AZ31B
Mg alloy was carried out in 0.4 M sodium stannate 3-hydrate (Na,SnO3-3H,0) at 77 °C. It
effectively leveled the porous anodized coating by depositing a SnO; superficial layer with a
thickness of 0.4 um. After the surface sealing, the mass transport impedance at low frequency
was controlled by the ideal capacitance dispersion during the initial immersion; thus, slow
corrosion kinetics was achieved. This impedance behavior might account for the ideally
polarizable cathodic behavior of the electrode with overpotential. As a consequence, the

stannate post-treatment afforded higher polarization resistance, corrosion potential, and

pitting potential values throughout the immersion in 0.1 M NaCl.
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1. Introduction

Mg and its alloys are front runners in addressing strong current need for lightweight
materials in industries such as automobiles, aerospace, and electronics because of their
favorable characteristics: low density, high specific strength-to-weight ratio, electromagnetic
interference shielding properties, good formability, and recyclability [1,2]. Especially, major
automobile makers have been hastening their plans to use wrought magnesium (Mg) alloys in
vehicles [3]. Reducing the weight of automobiles is one implementable strategy for
effectively coping with global warming, and its main purpose is to improve vehicle
performance and fuel efficiency. A 100 kg reduction in the weight of an automobile can
decrease its CO;, emissions by 8-12 g km™. Moreover, this strategy is useful for improving
the cruising distances of electric vehicles.

Despite of these competitive advantages over rival conventional materials, the
applications are still restricted due to their extremely negative equilibrium potential and high
corrosion susceptibility in chloride-containing environment. Moreover, effective protection
against galvanic and general corrosion is difficult to achieve only by continuing alloy
development [4].

Mg is a highly reactive (active) element in that it tends to readily lose its two valence
electrons and further react with chloride ions (CI") to obtain stable configurations. Chloride
ion intrusion and moisture absorption induce a breakdown of the naturally formed Mg
oxide/hydroxide and, eventually, an exposed a-phase will undergo degradation to form
hydromagnesite (Mgs(CO3)4(OH)2-4H,0) and nesquehonite (MgCO3-3H,0) [5-7]. Moreover,

the Mg dissolves readily in dilute acids to form aquated Mg ions (Mg®*) along with H, gas. In



this context, many different types of anodizing processes have been developed to produce Mg
alloys with anti-corrosion abilities and mitigate the various types of corrosion damage.

Anodization is an electrolytic passivation process that produces a thick, chemically
stable protective oxide film on valve metals. Anodization mitigates the general and galvanic
corrosion of bare Mg alloys, but the formed anodic films are more water soluble than those
formed on Al alloys, which are rival traditional materials for weight reduction. Therefore,
anodization is often used to produce an undercoating layer to provide better adhesion for
various organic finishes [8,9]. Furthermore, a recent important development in this process
has been the use of alkaline solutions with various additives such as NazPO,4 [10], KMnQ,
[11], Na,B4O7 [12-14], NaAlO; [15,16] and Na,SiO3 [10,12,14,15] as electrolytes with lower
environmental impact than those containing fluoride (F*) and chromate (CrO,*).

As another development in this process, several studies have explored the idea of using a
pulse current or potential (pulse anodizing) instead of a constant value to get a higher mean
current density and thereby decrease the processing time [17]. Qian et al. [18] applied a
square pulse current of 0-40 mA cm? for 10-30 min on AZ91D Mg alloy in a NaOH solution
containing meta-silicates, borates and other additives. However, a porous oxide layer still
formed and the micro-pores actually seemed to widen with increasing anodizing time. Duan
et al. [19] obtained plasma electrolytic oxidation (PEO) films on AZ91D Mg alloy by
applying a square pulse potential of 350-400 V for 1-2 h in a KOH solution containing
various additives. Though they found that fluoride- and phosphate-containing electrolytes
were the most effective in improving the corrosion resistance of AZ91D Mg alloy, micro-
pores still remained in the anodic films. Liu et al. [20] obtained a protective passive film on
pure Mg by applying pulse potential between passive (-0.5 Vscg) and passive/active regions

(-1.36 Vscg) for 30 min in 0.25 M Na,SO4 + 0.1 M NaOH solution. To our knowledge, no



other reports on square pulse anodizing exist, especially on conventional anodizing of Mg
alloys.

In general, the anodic films formed on Mg alloys can be divided into two sub-layers: a
very thin but dense inner layer and thick porous outer layer [4,8]. Of these layers, the porosity
of outer layer is strongly influenced by the various anodizing parameters such as the
electrolyte, concentration, temperature, electric field applied, and so on. The formation of
compact anodic films on Mg alloys is limited, because MgO has a molar volume of 11.3 cm?®
mol™, whereas metallic Mg has a molar volume of 14.0 cm® mol™, and therefore the Pilling-
Bedworth ratio is 0.81 [4,21]. In this context, several researchers have elucidated the
mechanism for the corrosion of the anodic film through the two types of pores, i.e., the non-
through-pores and through-pores [22,23]. In addition, many researchers have examined the
causal relationship between the microstructure (such as the sizes and distribution of pores)
and electrochemical characteristics of anodized Mg alloys [24-26]. Thus, the pore
characteristics of the anodic film are fundamental consideration in the accurate evaluation of
the corrosion performance of anodic films. Such a porous film will allow corrosive media to
reach the substrate alloy easily; it will not offer any protection and will instead accelerate
galvanic and general corrosion. Moreover, spongy nature of this film may reduce its adhesion
with the substrate.

Otherwise, post-treatments (e.g., sealing treatments) must be considered as a critical step
for achieving corrosion resistance for porous anodized Mg alloys. These sealing treatments
are often carried out in boiling water or solutions containing silicate/phosphate to deposit
low-solubility salts in the pore structures after reactions between Mg and the anions [4,26].
Song et al. [26] suggested an irreversible electroless E-coating procedure for anodized ZE41

Mg alloy carried out in a solution containing 71-82 mass% water, 16—26 mass% epoxy resin,



and 1.3 mass% titanium dioxide. However, the pH of the electroless E-coating solution was
nearly neutral, so the dipping process could only last for 10 s. Hence, the porous structure of
the anodized coating was not completely sealed after the dipping process alone. Nevertheless,
the post-sealing procedure decreased the corrosion current density and increased polarization
resistance by approximately three orders of magnitude compared to the as-anodized coupon.
However, it is not clear as to whether this coating will provide long-term corrosion protection.
Fujita et al. [27] reported a procedure for liquid-phase deposition (LPD) of a TiO; film in
which pure Mg is dipped in a base solution containing 0.01 kmol m™ (NH,),TiFs and 0.2
kmol m™ H3BO; at 353 K. However, the LPD process is time consuming, which limits its
industrial applications. In particular, it required more than 24 h to deposit a 0.5-um-thick
TiO; layer, and the film formed was not sufficient to enhance the corrosion resistance of Mg
alloy because of the formation of micro-cracks. Organic and sol-gel coatings have also been
applied to improve the corrosion protection of anodized or micro-arc oxidized Mg alloys
[28,29].

In this paper, the author describe a novel anodizing technique that significantly limits the
formation of micro-pores on the anodic films and thereby increases the corrosion resistance.
The process involves applying the pulse potential specifically between anodic oxidation and
active regions of AZ31 Mg alloy in 2 M NaOH alkaline solution at 303 K. Note that passive
metals such as Cr, Ni with transpassive dissolution are not appropriate for corrosion
protection by anodization [30]. Similarly, the passivity of Mg breaks down at about 2 V agagci
with high tranpassive dissolution rate of various A cm? in 2 M NaOH. However, the
transpassive dissolution stops abruptly at the extended transpassive range, i.e. anodic
oxidation range, which is higher than 6 Vagagci Up to hundreds of volts. This property was

used to develop oxide films of Mg alloys for corrosion protection. The main idea of this pulse



anodization is that the active potential may remove the weak spots on the anodic film through
the potential edge effect and thereby increase the concentration of reactant species near the
electrode/electrolyte interface. Moreover, we investigate the feasibility of sealing the porous
structure of an as-anodized AZ31 Mg alloy with a stannate post-treatment and measure the

resultant corrosion characteristics.
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2-1. Literature Survey

2.1.1. Metallurgy of Magnesium

For almost all alloy systems, a maximum concentration of solute atoms dissolves in
matrix to form a solid solution. This limit is called as solubility limit and changes with
temperature. If the amount of solute available is more than the solubility limit, different phase,
either a solid solution or compound, will form. Therefore, the efficiency of Mg is not only
resulted from its physical properties, but various constituents added. In other words, the
corrosion behavior of Mg and its alloys strongly depends on the alloying elements and
impurity elements. For binary Mg-M system, Al (< 12.7 mass%) [1], Zn (< 6.2 mass%) [2]
and Mn (< 2.2 mass% ) [3] are generally acceptable. Only with appropriate metallurgical
manipulation, their corrosion protection effect can be improved [4]. Moreover, it can improve
the ease of manufacturing. Hence, we want to add alloying elements that are beneficial to the
corrosion resistance and remove impurity elements that are detrimental to the corrosion

resistance [5].

2.1.1.1. Alloying Elements

Aluminum has the most favorable effect on Mg, compared to any of the alloying
elements. As the content of Al increases, from 0% to 4%, the corrosion resistance of Mg
alloys drastically enhanced [6]. However, from 4% to 9%, the improvement in corrosion

resistance is less obvious. Nevertheless, the surface corrosion of Mg significantly impeded in



active environments when alloyed from 4% up to 10%, as shown in Fig. 2.1 [6]. Moreover,
the Mg alloys become heat treatable when exceeds 6%. The Al partially dissolved into the a-
Mg (solid solution) and partially exists as a precipitates of B-Mgi7Al; [7]. The B-phase
normally placed in the grain boundary of a-matrix, and it has a lamellar (plate-like) structure.
Besides the B-phase, some other Mg-Al particles such as MgsAlg and Mg,Al; could co-exist.
However, it is believed that only the B-phase plays a beneficial role as a corrosion barrier for
Mg alloys [8-10]. This is attributed to a change in the composition of surface corrosion
products in a corrosive media. On the other hand, some authors have been reported a negative
effect of Al addition on the corrosion resistance of Mg. Hillis et al. reported that the corrosion
resistance deteriorated as the content of Al addition increases [11]. Moreover, Emley et al.
have demonstrated that Al decreases the tolerance limit of Fe from about 170 ppm to 20 ppm
[12]. Hence, the purity of Mg alloy should be improved for higher Al content. Otherwise, the
addition of Mn to Mg counteracts this effect.

Manganese also added to almost all the commercialized Mg alloys. The Mn addition
does not directly affect the corrosion resistance of Mg alloys. Instead, the detrimental effects
of impurities such as Fe, Ni, and Cu, when their concentration exceeds the limits of critical
tolerance, can be reduced [13]. The detrimental effect of impurities is that it increases the
corrosion rate of Mg. However, the addition of Mn to about 1-2% definitely reduces their
corrosion rate. Otherwise, the limits, set for the impurity levels to below recommended
tolerance limits, can enhance the usefulness of Mg alloys [14]. In particular, Mg-Al alloy
system is susceptible to Fe inclusion. The tolerance limit of Fe impurity reduces from 0.017%
to below a few thousandth of one percent in a-Mg. However, the addition of Mn around 1%
increases the tolerance level to around 0.002% for Fe in binary Mg-Al alloys [15]. It seems

that the Mn element surrounds the Fe impurities, isolating them from the o-Mg [16].
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Fig. 2.1. Effect of Al concentration on the corrosion rate of die-cast magnesium alloys in

5 wt% NaCl solution [6].

Zinc is next to Al in effectiveness, as an alloying constituent in Mg. It is frequently used
in combination with Al. As a rule, the solubility of Zn in Mg is around 1.1 wt.% (0.5 at.%) at
room temperature. Therefore, for typical AZ91, Zn distributes in the same proportion in both
the a-Mg and B-precipitates. Like Mn, Zn also helps overcome the harmful corrosive effect of
impurities such as Fe or Ni [13]. However, Mn has better performance to raise the tolerance
limit of the impurities than Zn, if the Zn amount is equal to the Mn [15]. When Zn is added
above 5 wt.% and manufactured by rapid solidification, the corrosion resistance of Mg alloy
can unexpectedly be deteriorated. The lowest corrosion resistance was observed at adding

18.6 wt.% of Zn [18].
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Calcium is a special alloying component, adding a very small amount. Ca, as well as Zn,
acts as grain refining agents that can improve both corrosion and mechanical properties [19].
Moreover, it reduces oxidation of the alloy in the molten condition and during heat treatment,
and improves their rollability [20]. In the Mg-Al alloys system, Mgi7Al1, secondary phase
exhibits a low thermal stability and their creep properties undergo a rapid degradation at
elevated temperature above 120°C, which limits the application to car engine parts [21]. In
recent years, rare earth elements such as Y, Nb, La, and Ce were found to enhance the
structure and mechanical properties including creep resistance and strength of Mg alloys
[22,23]. However, these elements cause a substantial increase of alloy cost. Alternatively, the
addition of Al and low-cost Ca to Mg was proven to be an effective way to improve the
mechanical properties of Mg alloys by forming C36 Laves Al,Ca phase during solidification

and homogenization processes [24-28].

2.1.1.2. Impurity Elements

Makar et al. carried out a test with 14 elements, as an alloying element for Mg, and the
corrosion rate was measured in 3 wt.% NaCl [29]. As shown in Fig. 2.2 and Fig. 2.3, the
elements of Co, Cu, Fe, and Ni exhibited the greatest effect on accelerating corrosion even at
very low concentration, while Ag, Ca, and Zn had lower effect. On the other hand, Al, Cd,
Mn, Na, and Si had a little or no negative effect at concentration below 5%. Cu, Fe, or Ni at
0.2% increases the corrosion rate approximately 100-folds, since the solid solubility for these
elements is very low [29,30]. The solubility of impurities in Mg matrix determines their
tolerance limits. Therefore, when the impurity concentration is higher than the tolerance limit,

they easily segregate and become an active catalytic site for severe corrosion attack [31].
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Fig. 2.2. Effect of various alloying elements on the corrosion rate of magnesium alloys [29].

However, below their tolerance limits, there is little or no effect on accelerating
corrosion [32]. Hence, it is important to improve the purity of the alloys. The tolerance limit
can be changed by different manufacturing processes. Marker et al. have reported that a

higher Ni tolerance limit can be achieved with higher solidification rate during casting [29].

2.1.2. Corrosion of Magnesium

The corrosion aspects of Mg alloys depend on various factors, mainly on pH values of
surrounding medium and near the metal surface and on the nature of surface film being
formed. The corrosion resistance of surface film is dependent of the alloy composition. Also,

the type and distribution of intermetallics have very important effect. Therefore, a fabrication
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Fig. 2.3. Effect of Ni, Fe, and Cu impurities on the corrosion rate of die-cast AZ91

magnesium alloys during salt spray tests [30].

history, metallographic examination, and accurate composition analysis are necessary for the
interpretation of corrosion characteristic. The publications of Makar et al. [33], Kainer [34],
Hansen [35], and Song et al. [36] have elucidated the essential aspects of the corrosion
behavior of Mg alloys such as the type and mechanism of corrosion and the effect of
surrounding medium.

If a pH of solution is above 12, a self-healing stable oxide film, which provides high
corrosion resistance, develops on its surface. This oxide film becomes in a conditionally
unstable state for a pH range of 10-11 (see Fig. 2.12). With decreasing pH value more, a rate

of hydrogen evolution starts to increase because of the active dissolution on the oxide-free
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Table 2.1. Typical corrosion potential, Ecor, Values of Mg and its secondary phases after 2 hrs

of immersion in deaerated 5 wt.% NaCl solution saturated with Mg(OH), (pH 10.5).

Type of secondary phases Ecorr (Vsce)
Mg -1.65
Mg>Si -1.65
AlgMn -1.52
Als;Mn -1.45
AlgMns -1.25
Mgi7Al, (B-phase) -1.20
AlgMns(Fe) -1.20
Beta-Mn -1.17
Al;MM -1.15
AlgMn(Fe) -1.10
Alg(MnFe) -1.00
AlzFe(Mn) -0.95
AlsFe -0.74
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area. Then, a relative thick layer of loosely adhering corrosion products are produced.
However, as a result of the active dissolution and the hydrogen evolution reaction, the pH
value arises in the area adjacent to the substrate. Hence, the stability of oxide film increases
again.

Secondary phases have a significant influence on the corrosion behavior of Mg. Most of
the alloying elements only can affect the corrosion resistance of Mg positively by forming
secondary phases [37]. Some typical values of the E.,r of various secondary phases are given
in Table 2.1 [38]. Mg is the most active, and therefore, the a-Mg acts as the anode against all
the secondary phases, preferentially corroding in any galvanic couple. For instance, AZ91,
which includes 9% Al, has an appreciable amount of B-phase along the grain boundaries, as
shown in Fig. 2.4. The B-phase is cathodic with respect to the a-Mg, but often offers a passive

behavior over a wide pH ranges during long immersion times. In other words, the B-phase has

& i el

o~ \

Fig. 2.4. Microstructure of AZ91 alloy (cast into a steel mould) [39].
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PISSFLLES

Cross section a-Mg = B-phase

Fig. 2.5. Schematic representation for the corrosion protection effect of p-phase. (a) p-phase
is nearly continuous; (b) the corrosion propagation through o-Mg is effectively retarded by

the B-phase. Corrosion products are not illustrated here [37].

two different influences on corrosion, as a galvanic cathode or as a barrier, depending on the
area fraction of B-phase per unit area of exposed surface. An inner part of as-cast AZ91
commonly affords better corrosion resistance, as compared to its skin part, because of more
continuous and a higher volume fraction of B-phase. If a-Mg is fine and the volume fraction
of B-phase is not too low, the gap between B-phase becomes narrow and nearly continuous
[37]. This leads the B-phase not to easily fall out by undermining, obstructing its surface by
protective corrosion product [37]. Figure 2.5 schematically illustrates this case. On the other
hand, if a-Mg is large, B-phase tends to agglomerate and not continuous, and therefore, the
corrosion of a-phase cannot be effectively blocked either by the B-phase or corrosion
products, accelerating the corrosion of a-phase [37].

On Mg and all it alloys, an unusual feature, which does not seen on other metals,
appears during the corrosion in aqueous solutions, i.e. hydrogen evolution. The potentials at

which Mg dissolves are sufficiently low so that hydrogen evolution dominates oxygen
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magnesium

Fig. 2.6. Electrochemical reactions occurring on the magnesium during corrosion in neutral

water.

reduction at all pH values [40]. The hydrogen evolution reaction continues at a significant
rate even when an Mg surface is anodically polarized above its corrosion potential (around
—1.5 Vsce) [41-43]. Interestingly, the rate of hydrogen evolution often increases as the anodic
polarization increases [41-43]. According to standard electrochemical kinetics, the rate of a
cathodic reaction like hydrogen evolution from the reduction of H,O or H;O" should decrease
exponentially rather than increase, with increasing potential [40].

Assuming that Mg dissolves to form the divalent Mg** ions accompanied by the

generation of hydrogen gas by the water reduction, the reactions involved are (Fig. 2.6):

Mg — Mg”" + 2e” (1)
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2H,0 + 26" — H, + 20H o)

The currents from reactions (1) and (2) can be defined as i, and i, respectively. Under
open circuit condition, the anodic reaction of Mg dissolution is balanced by an equal rate of
hydrogen evolution reaction [40]. In this case, i, is equal to i.. However, under anodic
polarization conditions, Mg dissolution will occur at a higher rate than at open circuit
condition [40]. Using Faraday’s law, the rate of Mg dissolution during the anodic polarization
times can be evaluated by measuring sample mass loss [40,44]. However, some of the excess
electrons formed by anodic reaction are consumed by copious hydrogen evolution reaction on
the electrode surface rather than flowing through the potentiostat. Hence, the average net
current density supplied to the Mg electrode by the potentiostat, ine, might be less than the
anodic current density [40]. Therefore, at applied electricity, the net current density can be
defined as the difference between the total anodic and cathodic current densities as follows
densities (assuming the area for both the anodic and cathodic reactions is the nominal

exposed area) [40]:

Inet = la — I¢ (3)

According to activation-controlled kinetics for the hydrogen evolution reaction, ic
decreases as the applied anodic potential increases above Eocp [40]. However, for Mg, the
rate of hydrogen evolution inevitably increases with the applied anodic potential, is often
referred to as the “Negative Difference Effect”. This effect has been discussed by many

previous studies [45-49]. To explain the negative difference effect of Mg during the corrosion,
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the existence of an Mg" intermediate was introduced by Petty et al. in 1954, later by Song et

al. in 1997 [46,50]:

Mg — Mg" + e 4

In this electrochemical reaction, Mg dissolves to form univalent Mg*, not divalent Mg?".
Moreover, the following chemical reaction is presumed to explain further oxidation of
univalent Mg"* to form divalent Mg®*, along with hydrogen gas. This explanation involves the
assumption that some fraction of univalent Mg" exists long enough to disengage from the Mg

surface:

Mg* + H,0 — Mg*" + 1/2H, + OH" (5)

These reactions would account for the observation of increasing rates of hydrogen
production with increasing anodic potential in certain corrosive media [40]. Although they
are not explicitly stating the mechanism involving univalent Mg" [46], it can be supported by
the theory that single-step reactions are rare in electrochemistry, particularly for multi-
electron transfer reactions [51]. Therefore, it is predicted that the rate of Mg" formation
increases with increasing the rate of Mg dissolution. However, the existence of Mg"* has never
been proved [40].

Recently, Frankel et al. have found that the total amount of hydrogen collected for a
fixed charge decreases with increasing current density [40]. This evidence strongly
contradicts any assertions of the existence of univalent Mg" on the basis that the total amount

of hydrogen evolution should be identical for the same amount of Mg"* produced by the
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reaction (4) [40]. Instead, they have proposed the new mechanism that an exchange current
density for the hydrogen evolution reaction, ig M, increases with increasing the rate of Mg
dissolution. In other words, the catalytic activity of dissolving Mg surface for the hydrogen
evolution reaction can increase with increasing Mg dissolution rate. An analysis suggests that

the ig.ym May increase by many orders of magnitude with the applied anodic potential.

2.1.3. Anodizing of Magnesium

2.1.3.1. General Remark

Anodizing is an electrochemical process for producing a stable, thick oxide films on the
surface of valve metals (such as Mg, Ti, Al, V, etc.). The stages for anodizing process include
[52]; (i) mechanical pre-treatment, (ii) cleaning, degreasing, and pickling, (iii) anodizing (DC
or AC or pulse), (iv) post-treatment (dyeing or sealing). This subchapter describes the basics

of pre-treatment and anodizing processes. Then, the following subchapters will describe

Painting & Plating Anodizing
izi

y \

________________ *

Magnesium

Fig. 2.7. Dimensional effect of anodizing, painting, and plating.
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Automobiles, Aerospace, Electronic
industries, etc.

Fig. 2.8. Objectives of magnesium surface treatments.

about the pulse anodizing and subsequent post-treatment processes.

Anodic films are produced by reaction of metal with ions in electrolyte, and after
anodizing, there is an overall slight increase in dimension. The major difference in dimension
among anodizing, painting, and electroplating is that the anodizing proceeds underneath the
substrate while the painting and electroplating are deposited on the substrate, as shown in Fig.
2.7. The valve metals, especially for Mg, have strong affinity for oxygen [53]. Thus, a very
thin oxide film covers the surface of a freshly-cut piece of magnesium when exposed to the
ambient atmosphere. By providing an anodic potential or current, the natural oxide layer

becomes thicker, and therefore, results in a better corrosion and wear resistances. Therefore,
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Fig. 2.9. Typical anodizing cells: (a) Batch anodizing, (b) Continuous anodizing [57].
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anodizing is the most common surface treatments of magnesium alloys. As shown in Fig. 2.8,
for various magnesium alloys, the anodizing is necessary to provide a greater degree of
protection against the moisture (improving electrochemical and chemical resistances), to
modify the surface appearance (texture, color, gloss, etc.), and to create technical-physical
surface properties (increasing bonding strength, abrasion resistance, and frictional resistance,
etc.), alike the anodizing of Al alloys [54]. In recent years, the anodizing is primarily used to
produce an undercoating layer to provide better adhesion for various organic finishes [55,56].
A thin anodic film of around 5 pum is sufficient for this [57]. A thicker anodic film of around
25 pum and up can provide mild corrosion resistance after sealing with oil, wax, or metal salts
[57]. Standards of Mg anodizing process are given in AMS 2466, AMS 2478, AMS 2479, and
ASTM B893.

Figure 2.9 shows two types of anodizing cell for Magnesium alloys [57]. In an anodizing
cell, the magnesium workpiece is used as anode which is connected to the positive terminal
of a power supply. The other suitable metal or alloy is made as cathode by connecting to the
negative terminal. The cathode material is usually a rod or plate of carbon, lead, nickel, and
stainless steel which is unreactive electronic conductor in the anodizing bath [58]. Then, an
anodic film produced on the Mg alloys in a large variety of alkaline solutions with DC, AC or
a combination of both. When the circuit is closed, electrons transfer from the magnesium
workpiece to the cathode leading ions, at the magnesium surface to react with H,O and OH~
to form an oxide or hydroxide layers on the magnesium alloys. This anodic reaction actually
develops enough energy to dissociate water with excess electrons at both the cathode and the
magnesium surfaces. The water splitting cathodic reaction disturb the balance between the
acidic hydrogen (H") ions and the alkaline hydroxyl (OH") ions, and therefore, make the

solution less acidic or more alkaline [59].
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2.1.3.2. Pulse Anodizing

Pulse anodizing between two values of direct voltage or current, instead of applying the
same value, can give several benefits of individual process conditions over the whole process.

Thus far, many researchers have made suggestions regarding the designation of this pulse
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Fig. 2.10. Schematic diagram of various wave forms of pulse anodizing; (a) periodic reverse;

(b) square; (c) asymmetric sine.
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waveform. Typical schematic diagrams of the various waveforms of pulse are shown in Fig.
2.10. Three different waveforms, i.e. asymmetric sine, and square pulses, and periodic reverse,
can be compared with conventional direct anodizing process.

During anodizing process under constant voltage or current, reactant species can become
depleted near the interface, namely, the electrode surface—outer Helmholtz layer distance [60].
However, the periodic reverse waveform during the anodizing can replenish the reactant
species from the bulk solution when the electric source alters the polarity and allows the
working electrode to act as a cathode (Fig. 2.10a). Moreover, the surface protrusions of
thickened anodic film can be removed, resulting in the smooth surface [61]. On the other
hand, unexpected pits and cavities may form in the anodic film if the rate of anodic
dissolution is intensified. AC anodizing process uses the asymmetric sine waveform which

alternating voltage or current with various frequencies (Fig. 2.10c). However, AC anodizing

Current

Pulse time

Fig. 2.11. Schematic diagram of capacitance effect by pulse.
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is not commonly used. This is because AC anodizing requires the sources of higher voltage
and approximately 50% more effective current, when compared to DC anodizing [62]. If the
maximum current density is too high, the reactant species can be easily replenished from the
metal surface, allowing the capacitance effect, as shown in Fig. 2.11. This can lead to the
formation of granular and sponge type of anodic films and weaken the adhesion strength to
the substrate.

Several studies have explored the idea of using a pulse current or potential (pulse
anodizing) instead of a constant value to get a higher mean current density and thereby
decrease the processing time and total energy consumption [63]. Qian et al. [64] applied a
square pulse current of 0-40 mA cm? for 10-30 min on AZ91D Mg alloy in a NaOH
solution containing meta-silicates, borates and other additives. However, a porous oxide layer
still formed and the micro-pores actually seemed to widen with increasing anodizing time.
Duan et al. [65] obtained plasma electrolytic oxidation (PEO) films on AZ91D Mg alloy by
applying a square pulse potential of 350-400 V for 1-2 h in a KOH solution containing
various additives. Though they found that fluoride- and phosphate-containing electrolytes
were the most effective in improving the corrosion resistance of AZ91D Mg alloy, micro-
pores still remained in the anodic films. Liu et al. [66] obtained a protective passive film on
pure Mg by applying pulse potential between passive (-0.5 Vscg) and passive/active regions

(-1.36 Vscg) for 30 min in 0.25 M Na,SO4 + 0.1 M NaOH solution.

2.1.3.3. Thermodynamic Stability of Mg Compounds

Investigations into the growth mechanism of anodic films on Mg have produced basic

electrochemical understandings for Mg in aqueous solutions. As shown in Fig. 2.12, the
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E (V) vs. NHE

electrochemical
thermodynamically stable forms of that compounds, i.e. the state having the lowest free
energy, mapped as a function of potential, pH, and hydrogen ion activity at a given
temperature and pressure [67]. In acidic or neutral solutions, Mg rapidly dissolves, and
spontaneously evolving H, gas. On the other hand, in strong alkaline solutions, a reaction

with H,O produces a thick, passive Mg(OH), film which is thermodynamically favored over
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Fig. 2.12. Pourbaix diagram of pure magnesium

first presented by Pourbai
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a MgO, according to the following calculations of standard enthalpy change.

Mg(OH)2 (s) — MgO (s) + H.0 (1)

Rewrite the equation (1) as the sum of three formation reactions:

Mg(OH)2 (s) — Mg (s) + 02 (g) + Hz2 (g), AH1=—-AH¢°[Mg(OH)]
Mg (s) + 1/2 Oz (g) — MgO (s), AHz = AH¢®[MgO]

H, (g) +1/2 O, (g) — H,O (l), AH3; = AH¢° [HzO]

Therefore,

Mg(OH)Z (S) - Mgo (S) + HZO (I), AHoreaction = AHl + AHZ + AHS

1)

()
3)
(4)

During anodizing at high electric field, it is assumed that naturally formed Mg(OH),

loses its protons to form meta-stable MgO. However, Mg(OH), layer will form again on the

surface of MgO layer when immersed in water. The Mg(OH), has lower solubility constant

(Ksp = 1.8 x 10™), when compared to the MgO (K, = 2.37 x 10°®) [68].

Perrault et al. have investigated the thermodynamic stability of MgH, in aqueous

solutions, and concluded that the MgHy is stable in neutral and alkaline solutions, leading to a

passivity of Mg surface together with Mg(OH), [69]. However, the negative value of standard

enthalpy change in reaction (5) shows that MgH is unlikely to form in agueous solutions,

and will spontaneously decompose to Mg®* ions. Hence, the primary passivity phenomenon
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of Mg is generally believed to be the result of the presence of Mg(OH), which gives

protection against corrosion over a range of pH values.

MgH. (s) — Mg?* (aq) + 2H, (g) + 2~ (AH reaction = —358.0 kJ) (5)

However, unfortunately, the native Mg(OH), and MgO films are loose in neutral and
acidic aqueous conditions, and therefore, cannot provide sufficient protection to resist
degradation encountered in the physiological environment containing CI™ ions. This is
because CI™ ions can transform the surface of Mg(OH), into more soluble MgCl,. The
dissolution of Mg(OH), makes the surface more active and reduces the protected area, and

hence, promotes further dissolution of Mg. The reactions proceed as follows [70,71]:

Mg + 2CI~ — MgCl, (6)

Mg(OH), + 2CI~ — MgCl, @

2.1.3.4. Anodizing Behavior

Anodizing can be carried out under either voltage or current controlled. During initial
period, the Mg piece is protected by a thin oxide film which offers small resistance to current.
Under voltage control, a rapid rise of current is produced, followed by a slow drop to a
steady-state value with anodizing time, as shown in Fig. 2.13. These current contributions are
related to a series of destruction, nucleation, and growth process of anodic film on the
electrode surface. An increase in the thickness of anodic film, proportionally to the charge per

surface area, and thereby an increase in resistance causes the decrease in current. Finally, the
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Anodizing time

Fig. 2.13. Changes in voltage and current responses during anodizing at constant current and

constant voltage, respectively.

current reaches a constant level, where the rate of anodic dissolution and anodic film
formation reached a steady state. Under current control, the voltage increases with anodizing
time for maintaining the current applied while the isolating anodic film is growing.

In general, various Mg alloys show different active and passive states. Moreover, at
different anodizing voltage or current conditions, the formation of anodic films have different
patterns. Figure 2.14 schematically illustrates the voltage dependence of oxide formation on
the Mg electrode. The anodizing using sparking, micro-arcing, and arcing are usually high-

voltage processes. At present, most of the anodizing industries utilize spark discharges to

convert the Mg surface into a ceramic oxide [72].
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Fig. 2.14. Schematic diagram for the voltage dependence of oxide formation on the

magnesium [72].

The first description for the formation of Mg anodic film was given by Huber (1953)
[73]. He showed the relationship between the anodizing voltage and the consequential film
characteristics of Mg in 1 M NaOH solution. At voltages below 3 V, the current was
relatively low, and a light grey film of Mg(OH), was formed. At 3-20 V, a thick dark film of
Mg(OH),, along with oxygen gas, was formed, and finally, a thin protective coating was
again produced at voltages above 20 V. However, above 50 V, the formation of anodic film
was locally limited by the breakdown phenomenon accompanied by localized sparking. A
similar anodizing behavior was seen by Yaniv et al. (1968), Zengnan et al. (1989), and
Takaya (1989) [74]. Moreover, Ono et al. found that the porous film develops above the
breakdown potential in alkaline fluoride solution [75,76]. The breakdown potential varies

from 50 V to above 110 V with the type of alloy and electrolyte.
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Clapp et al. have demonstrated that the growth of anodic film on the Mg involves the
initial formation of oxide barrier layer, followed by the film breakdown, and finally the
formation of porous oxide layer [77]. Moreover, Carter et al. have given one possible
explanation for the film breakdown [78]. At constant applied current, the potential response
increases linearly with anodizing time to reach around 70 V as a thin barrier film grew on the
Mg surface. When the barrier film reached a critical thickness of around 80 nm, the potential
abruptly dropped to a relatively low value of around 10 V. Then, the potential began to rise
again linearly, until another sharp drop was encountered. This pattern repeated for a number
of cycles, and therefore, the potential showed a saw-tooth pattern with anodizing time. The
intermittent, abrupt drop of potential is attributed to the breakdown of barrier film, forming a
porous anodic film. This breakdown triggered by the tensile stress in the barrier film, which
has a smaller molar volume as compared to the metallic Mg.

Magoxid is a newly developed hard anodizing process in 1998 [79]. In this process, a
barrier layer of anodic film locally destroyed at high potentials (> 100 V) by injection of a
large number of charged particles. A rapid charge transfer and diffusion of metal ions release
extra energy that is high enough to start the plasma chemical reaction (particularly, in
electrical discharge) at the Mg surface/gas/electrolyte interface. The discharge channels
produced between the gas/electrolyte interface (quasi-cathode) and the Mg surface (anode).
This kind of arcing creates plasma like condition by the ionization of oxygen, and oxidizes
and melts the surface of Mg. Moreover, areas close to the discharge channels spontaneously
activated by heat. Hence, a large number of anodes produced partially on the entire surface.
In consequence, the whole Mg surface can be converted into Mg oxide. One major advantage
with the use of Magoxid process is that it has high throwing power, so that Mg components

can be anodized properly from all sides with only small dimensional changes.
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2.1.3.5. Oxygen Evolution during Anodizing

Oxygen evolution reaction at the anode (Mg surface) is also an important phenomenon

to be considered during the anodizing. This electrochemical reaction proceeds as 40H™ —

2H,0 + O, + 4e. The oxygen evolution, associated with electro current, seems to closely

relate to the appearance of spark discharges. When the sparking occurs during anodizing,
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Fig. 2.15. Oxygen evolution and current efficiency during anodization under constant electric
charge (18 C cm™) [80]. The negative efficiency could be attributed to the thermal

decomposition of water during anodizing. For more detail discussion, please refer to the ref.

80.
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vigorous oxygen evolution is commonly observed. The trapping of the oxygen bubbles
during the growth of anodic film could be responsible for the extensive porosity. On the other
hand, without any sparking, relatively insignificant oxygen evolves. Recently, Shi et al.
reported the relationship between oxygen evolution and anodizing efficiency for AZ91D
during anodizing in a silicate containing solution [80]. They first make an assumption that the
anodizing current has contributed to both reactions of film formation and oxygen evolution.
As a consequence of this assumption, a drastic decrease in anodizing efficiency up to a
negative value () was measured after sparking, increasing the rate of oxygen evolution
reaction accompanied by sparking, as shown in Fig. 2.15. The oxygen evolution during
sparking may result from thermo-decomposition of water at the sparking points. This can

explain the unusual negative anodizing efficiency.

2.1.4. Structure of Anodic Film

The anodized coatings of Mg are generally characterized by a multilayer structure.

Porous anodic film surface

--------- H--H-- 5-200 microns avg.

Initial Mg surface

//////

Fig. 2.16. Schematic diagram for the formation of porous anodic film on the magnesium

surface.
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Fig. 2.17. TEM cross section of the anodic film formed on pure magnesium during Dow 17
process. Arrow shows the barrier layer connected to the metal substrate under the cylindrical

layer [86].

Adjacent to the substrate is a very thin nonporous anodic barrier layer, followed by an
intermediate layer with low to moderate porosity. On the other hand, the outer layer of anodic
film is much more porous. In Fig. 2.16, the unanodized Mg surface is shown on the left, and a
magnified schematic diagram of the anodized surface on the right. This figure illustrates that
how an anodic film grows out of the Mg surface, partially above and partially below the
original surface level. In the Magoxid process, the anodic film grows about 50 % into the
original surface and 50 % above the original surface level [81]. This anodic oxide layer is
usually around one hundredth of a centimeter thick (from 5 to 200 microns). The anodic film
is very difficult to make thicker than that because the oxide is non-conductive. Therefore, the
formation of anodic film stops when the electrical path through the base Mg from the

electrolyte is disconnected.
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Fig. 2.18. Schematic diagram of a typical cross section found for the hard ceramic oxide

coatings [85].

In the Magoxid process, the anodic film consists of three layers, which comprised a thin
barrier layer adjacent to the substrate, a middle ceramic non-porous oxide layer, and an
outermost layer with highly ordered porous ceramic oxide [82,83]. The middle main coating
would provide almost the whole corrosion protection. The similar structure was found for
Keronite coating which has about 35 um thick oxides. [84]. Moreover, Blawert et al. have
produced thicker anodic film (around 120 pum) which exhibits a similar structure [85]. In
Dow 17, the barrier layer connected to the Mg substrate under the cylindrical pores was
clearly observed, as shown in Fig. 2.17 [86]. As shown in Fig. 2.18, there is porosity
throughout the entire anodic film structure. However, four different layers could be identified

according to the porosity [85]:
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Zone 1 (near surface): This is the uppermost layer comprised of many craters on top.
The formation of ceramic oxide is enforced by a large number of discharge channels reaching
from the crater surface towards the zone 2.

Zone 2 (pore band): This can be identified by a remarkable band of cavities in 20-40 pm
depth from the surface. The visible surface craters, i.e. the surface pores, seem to end in this
band of cavities.

Zone 3 (micro porosity): This has an extension from 20 pm to 80 pm with anodizing
time. The anodic film formed is denser, and only a small number of cavities or large-
diameter-pores are visible.

Zone 4 (interface): This is very rough. It appears as a very thin layer of less than 1 pm

thick with a finer and denser structure.

The most striking feature of the anodic films on the Mg is its pore structure. Shi et al.
reported irregular and anisotropic distribution of micrometer pores in their anodized coatings
[87], and that is in good agreement with other reports. The size and distribution of pore
structure strongly affect the mechanical and corrosion characteristic of Mg products.
However, during the anodizing process, the creation of the pore structure in the anodized
coating cannot be prevented, thus some degree of porosity will created. Hence, emphasis
needs to be placed on reducing the porosity as small as possible and forming the oxide layer
uniformly. Otherwise, there are two basic ways to make use of porosity, i.e. the outer porous
layer can be impregnated or grinded away to expose the denser underlying coating [88]. In
general, it is known that a coating layer comprised of single-phase is better than that of multi-

phase because of fitting mismatch, stresses, different chemical potentials etc. [89].
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2.1.5. Corrosion behavior of Anodic Film

2.1.5.1. Effect of Substrate

The same anodic films on different type of Mg alloys show different morphology and
subsequent corrosion performance [90,91]. In ref. 92, the effect of Al content and the amount
of B-phase in the Mg-Al alloys on the anodizing process was investigated, and found that the
Al content is beneficial for the surface passivation of anodized coating. Moreover, Kotler
showed that, on different alloys of AZ31B and AZ91, the corrosion resistance of same anodic
film is to certain extent depends on the substrate [93]. The p-phase plays an important role in
the corrosion performance of Mg alloy substrates. However, an anodic film formed on f-
phase contains a lot of tiny pores and large elongated defects, while that formed on a-phase is
more continuous and smoother with fewer pores. Therefore, the anodic films become coarser
in the areas around the boundaries of a-phase and B-phase. Nevertheless, the corrosion
resistance of formed anodic films strongly depends on that of Mg alloy substrates. Overall,
the poor corrosion performance of an anodic film is responsible partly for its higher porosity
and/or partly for lower corrosion resistance of substrate used [87].

Shi et al. have investigated the effect of Zn content on the corrosion resistance of anodic
film formed on the Mg-Zn alloys [94]. The corrosion tests in 5 wt.% NaCl for 30 hrs showed
that the order of the corrosion rate of alloys and the anodic films was Mg 0.5 Zn > Mg 1 Zn >
Mg 2 Zn [94]. For the same type of alloy, the content of impurities, such as Cu, Fe, and Ni,
can determine the corrosion resistance of anodic film formed on them. A primary HP AZ91
alloy coated with Magoxid-Coat exhibited a better corrosion resistance than a low purity

AZ91 with the same coating [95].
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2.1.5.2. Effect of porosity

The anodic film of Mg alloys plays two basic roles in preventing corrosion. First, the
anodic film separates the Mg substrate surface from the surrounding corrosive environments.
In general, it has a higher corrosion resistance than the substrate so that the lifetime can be
increased. Second, the anodic film is less or typically more an insulator with high dielectric
strength, allowing the current flow with other metals to reduce. This can provide a better
protection against contact corrosion.

In order to adequately explain the time-dependent corrosion performance of Mg alloys
before and after anodizing, the characteristic of the porous anodic films should be considered.
In general, the anodic films formed on Mg alloys can be divided into two sub-layers: a very
thin but dense inner layer and thick porous outer layer [72,96]. For the outer layer, defects

such as pores always exist as a result of the metallurgical phase separations, geometry of

Through-pore

Non-through-pore

€«— Anodicfilm —>

«<— Substrate —>

(@) (b)

Fig. 2.19. Schematic diagrams of (a) non-through-pores and through-pores formed in an

anodic film on magnesium and (b) the simplified microstructure of the anodic film [87].
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original surface, sparking process, and various anodizing parameters (electrolyte,
concentration, temperature, electric field applied, etc.). The formation of compact anodic
films on Mg alloys is limited, because MgO has a molar volume of 11.3 cm® mol™, whereas
metallic Mg has a molar volume of 14.0 cm® mol™, and therefore the Pilling-Bedworth ratio
is 0.81. In this context, several researchers have elucidated the mechanism for the corrosion
of the anodic film through the two types of pores, i.e. the non-through-pores and through-
pores [72,97]. In addition, many researchers have examined the causal relationship between
the microstructure (such as the sizes and distribution of pores) and electrochemical
characteristics of anodized Mg alloys [98-100]. As shown in Fig. 2.19, if there are some
through-pores in the anodic film which allows the corrosive media to easily reach the
substrate, the corrosion of the anodized Mg alloys might be determined by the corrosion
resistance of the substrate at the bottoms of the through-pores. In this context, Blawert et al.
have argued that the defect density is the dominating influence rather than the film thickness
[72]. Thus, the pore characteristics of the anodic film are fundamental consideration in the
accurate evaluation of the corrosion performance of anodic films.

Hence, the open-pore structures of anodic films on Mg alloys need to be sealed or be
coated with other protective coatings to give adequate corrosion resistance for a longer period
in a more corrosive environment. Although the various anodizing methods result in different

anodic films, there is a clear agreement on the need for the top layer.

2.1.6. Dyeing and Impregnation

Figure 2.20 shows an anodic film after dyeing treatment. Remember that a film has a

hundredth of one centimeter thick. Even if the pigment elements were finely ground, the
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Fig. 2.20. Schematic diagram of an anodic film after dyeing treatment.

Dye Hydrated anodic film

Substrate

Fig. 2.21. Schematic diagram of an anodic film with dye after impregnation treatment in

boiling water.

liquid dye cannot sufficiently fill the surface pores. However, during the impregnating post-
treatment in boiling clean water for a few minutes, the anodic film reacts with the boiling
water and swells with the formation of small nodular oxide. These nodular oxides can
effectively trap the pigment grains of dye in the pores. In Fig. 2.21, we can see the anodic

film sealed to grab the pigments. This is very similar with gravels held in a cement slab.
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2.1.7. Surface Sealing

Surface sealing technique is to develop a thin, extremely water impermeable coating on
appropriately treated enough alloy surfaces [105]. It should not be confused with the
impregnation technique to seal porosity described in chapter 2.1.6. For suitable surface
sealing of anodized Mg alloys, Magnesium Elektron has been developed below formulation

[105].

Araldite HZ985 Hardener 100 parts by weight

Araldite PZ985 Resin 300 parts by weight

Ethyl Acetate 240 parts by weight
Toluene 136 parts by weight
Diacetone Alcohol 24 parts by weight

This resin can satisfactorily seal the surface pores and is extremely resistant to most

chemicals. The coating procedure is as follows [105]:

1. Pre-heat at 200-220 °C for 30 min or until this temperature has been maintained for at
least 10 min (to ensure the surface moisture is completely removed).

2. Cool to 60 °C, then dip in, or spray with, the sealing resin.

3. Air dry for 15-30 min (Ensure uniform drainage and remove any tears with a brush).

4. Bake at 200-220 °C for 10-15 min.

5. Remove drips and tears with a sharp knife or glass paper (Be careful of damaging
underlying film)
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Table. 2.2. Corrosion resistance of some anodic films during salt spray tests [62—-64].

Coating procedure Corrosion appearing time (h)
AZ HP untreated 0-10

AZ91 HP + Magoxid (MC) 25 um 80— 100

AZ91 HP + MC + sealing water glass 250 - 300

AZ91 HP + MC + sealing silane 430 — 600

AZ91 HP + MC + EP-powder paint 60—80 um 750 — 1000

AZ91 HP + MC + silane + EP-powder paint 60—-80 um 1000

6. Repeat steps 2, 3, 4, and 5 twice more to make 3 coats in all.
7. Bake final coat to manufacturer’s recommended temperature for 45-60 min (total thickness

of resin is approximately 0.025 mm)

For Anomag coating on AZ91 alloy, the porous anodic film, mainly consisted of
Mgs3(PO,),, formed with 10-25 pum thick. The presence of this anodic film can reduce the
surface general corrosion well. However, the most effective protection against the surface
general corrosion is obtained after the sealing or painting treatments. In ref. 101, the
corrosion rate was reduced by approximately 97%. They did not affect the composition of the
anodic film. Further, only with the sealing and painting procedures, effective protection

against the galvanic corrosion was obtained. After 240 hrs of salt-spray test, the steel bolt was
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corroded with a form of red rust over the surface, while the galvanic corrosion on the sealed
anodic film of AZ91 (20-25 um in thickness) was completely suppressed [101]. The “only
Anomag coating” produced a pore size of around 6 pm and a porosity of around 13%.
However, the combination of sealing and painting reduced the pore size 2-folds and the
porosity by 3-folds [101].

By several researchers, Magoxid coatings with and without different post-sealing
treatments were produced [102—-104], and their corrosion resistances are directly compared in
Table 2.2 [72]. The result of salt-spray tests shows that a powder painting with 60-80 pum

thick was adequate for preventing surface corrosion attacks.
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2-2. Research Background and objective

The anodic films formed on Mg alloys can be divided into two sub-layers: a very thin
but dense inner layer and thick porous outer layer [4,8]. The formation of compact anodic
films on Mg alloys is limited, because MgO has a molar volume of 11.3 cm® mol™, whereas
metallic Mg has a molar volume of 14.0 cm® mol™, and therefore the Pilling-Bedworth ratio
is 0.81 [4,21]. In this context, several researchers have elucidated the mechanism for the
corrosion of the anodic film through the two types of pores, i.e., the non-through-pores and
through-pores [22,23]. In addition, many researchers have examined the causal relationship
between the microstructure (such as the sizes and distribution of pores) and electrochemical
characteristics of anodized Mg alloys [24-26]. Thus, the pore characteristics of the anodic
film are fundamental consideration in the accurate evaluation of the corrosion performance of
anodic films. Such a porous film will allow corrosive media to reach the substrate alloy easily;
it will not offer any protection and will instead accelerate galvanic and general corrosion.
Moreover, spongy nature of this film may reduce its adhesion with the substrate.

In this paper, we describe a novel anodizing technique that significantly limits the
formation of micro-pores on the anodic films and thereby increases the corrosion resistance.
The process involves applying the pulse potential specifically between anodic oxidation and
active regions of AZ31 Mg alloy in 2 M NaOH alkaline solution at 303 K. Note that passive
metals such as Fe, Cr, Ni with transpassive dissolution are not appropriate for corrosion
protection by anodization. Similarly, the passivity of Mg breaks down at about 2 V ag/agc1 With
high tranpassive dissolution rate of various A cm™ in 2 M NaOH. However, the transpassive
dissolution stops abruptly at the extended transpassive range, i.e. anodic oxidation range,

which is higher than 6 Vagagci Up to hundreds of volts. This property was used to develop
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oxide films of Mg alloys for corrosion protection. The main idea of this pulse anodization is
that the active potential may remove the weak spots on the anodic film through the potential
edge effect and thereby increase the concentration of reactant species near the
electrode/electrolyte interface. Moreover, we investigate the feasibility of sealing the porous
structure of an as-anodized AZ31 Mg alloy with a stannate post-treatment and measure the

resultant corrosion characteristics.
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3-1. Introduction

Magnesium and its alloys have been favored as lightweight solutions in automobile and
aerospace industries during past few decades. They are the lightest of all useful structured
metal alloys, and therefore, are an excellent choice for engineering applications that demand
critical weight design considerations. However, Mg is a very active metal, and tends to form
a surface layer of corrosion products such as hydroxides and oxides, when in direct contact
with water or air. The corrosion susceptibility of Mg alloys depends on the stability of such
corrosion products. In particular, the presence of ClI™ degrades their stability in aqueous
solutions compared to Al alloys and steels. Only under ideal theoretical condition is the
corrosion of Mg alloy limited, especially in places that are not exposed to environments
containing H,O and CI. Therefore, under real time conditions, Mg alloys are used as chassis,
interiors, and power train, e.g. brake/clutch bracket assemblies, seat bases/risers, ABS
housing, steering wheels, and almost all sorts of brackets and housings, wherein corrosion of
Mg alloys is avoidable [1].

Consequently, recent research efforts on the development and applications of new Mg
alloys have focused on possible ways to decrease their surface corrosion. Al is the principal
alloying element for various Mg alloys, when alloyed from 4% up to 10%, significantly
impedes the surface corrosion of Mg in active environments. Therefore, the corrosion of Mg
alloys is typically affected by the amount and distribution of intermetallic phases, e.g.
Mgai7AlL, (B-phase). In this context, several studies have analyzed the effects of Al content
and the corresponding microstructure on the corrosion behavior of Mg alloys [2-9]. In
general, increasing the Al content normally decreases the corrosion susceptibility of Mg

alloys. However, some studies have recently reported a contradictory corrosion behavior in
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Mg-Al type Mg alloys [6-9]. These results act as direct experimental evidences for the
theoretical prediction that the f-phase either behave as a barrier for the corrosion or act as a
micro-galvanic cathode. This indicates that the corrosion of Mg alloys has a strong
dependence on their morphology and microstructure. An increase in the area fraction of f-
phase, or in other terms, a decrease in o/f-phase ratio, gradually leads this phase to act as a
micro-galvanic cathode to a-matrix [9]. On the other hand, the #-phase, which is in a finely-
and continuously-dispersed state, acts as a barrier layer for surface degradation [5].
Meanwhile, some authors have claimed that the formation of small and intergranular
precipitates of f-phase results in a rapid galvanic corrosion between a-matrix and S-phase
[10]. This implies that, even for the same alloy composition, different processing methods
can result in Mg alloys with different microstructures, leading to the contradictory corrosion
behaviors [8,11]. Nevertheless, the effect of Al content and the corresponding specific
corrosion mechanism of Mg alloy still remain ambiguous.

Thus far, several mechanisms, including competitive ion adsorption (between CI™ and
passivating agent) or surface complex ion formation theories [12—14], ion penetration theory
[15,16], mechano-chemical theory [17], and point defect model [18], have been proposed to
elucidate the breakdown action of passive films in an aqueous solution containing CI".
Although the abovementioned film breakdown models utilize slightly different sets of
resources, it is commonly recognized that the film breakdown occurs above a critical
breakdown potential, known as pitting potential, at highly localized sites, depending on the
temperature, chloride concentration, and applied anodic overpotential.

In this study, we have investigated the effect of electrolyte temperature on the
electrochemical properties of three different Mg alloys, namely, AZ31B, AZ61, and AZ91. In

addition, we have also demonstrated the contradicting corrosion behavior between AZ61 and
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AZ91 at high electrolyte temperature. We believe that the results obtained in this study will

provide guidelines for the manufacturing methods adopted for processing Mg alloys.
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3-2. Experimental

Table 3.1 summarizes the chemical compositions of the different AZ-type Mg alloys
(wrought AZ31B, AZ61, and as-cast AZ91) used as test coupons in this study. The Mg alloy
sheets were ground up to 2000 grit by using a fine-grained emery paper, ultrasonically
cleaned for 3 min in ethanol, and then quickly dried in cool air. The working area of each
coupon (1 x 1 cm?) was limited with hydrophobic adhesive masking tape.

The corrosion characteristics of the Mg alloys were assessed by means of
potentiodynamic tests, electrochemical impedance spectroscopy (EIS), and potentiostatic
tests in 0.1 M NaCl aqueous solution in the temperature range of 298-328 K (25-55 °C). The
potentiodynamic tests were carried out in a potential ranging from —1 to +1 V vs. open circuit

potential Eqcp after stabilizing Eocp for 30 min. The corresponding currents were recorded at

Table 3.1. Chemical compositions (wt.%) of the different Mg alloys, namely, AZ31B, AZ61,

and AZ91.

Al Zn Mn Fe Si Cu Ni Mg

AZ31B 3.29 0.75 0.30 0.03 <001 <0.01 <0.01 Bal.

AZ61 5.91 1.16 0.21 <0.01 0.04 0.04 <0.01 Bal.

AZ91 9.00 0.70 0.24 <0.01 0.04 <0.01 <0.001 Bal.
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Fig. 3.1. Photograph and schematic of the electrochemical cell, employing two identical
working electrodes, used for corrosion monitoring during cyclic corrosion tests. The WE1

and WE?2 connect the working electrode and counter electrode of potentiostat, respectively.

scan rate setto 1 mV s™.

For the EIS measurements, the real and imaginary components of the electrochemical
cell was evaluated over a frequency range of 10° to 10 Hz with a amplitude of 10 mV, where
the applied potential was —1.38 Vag/agci and Eoce, respectively. The EIS measurements at the
Eoce Were carried out after an initial open circuit delay of 30 min, and those at —1.38 V ag/agcl
(anodic domain) were carried out immediately after immersion, for all temperatures. We
could expect that, from these experiments, the comparison between the corrosion behavior
under natural and accelerated conditions. The electrochemical cells were fabricated by using
Mg alloy sheets as the working electrode (WE), a platinum wire as the counter electrode (CE),

and Ag/AgCl reference electrode (with saturated KCI) as the reference electrode (RE).
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Table 3.2. Details of the condition adopted during the cyclic corrosion test (T = operating
temperature, RH = relative humidity). During salt-spray step, the high concentration of salt (5

wt.%) was used in order to ensure comparability within 24 hrs of the tests.

Operating cycles Conditions of each step

Salt spray (2 h) 5 wt.% NaCl, T: 35 °C, RH: 100%
Dry (4 h) T: 60 °C, RH: 25%
Wet (2 h) T: 50 °C, RH: 100%

Figure 3.1 shows the photograph and schematic of the 3-electrode electrochemical cell
designed for monitoring the corrosion behavior of Mg alloys in a chamber during the cyclic
corrosion tests (CCT). This cell is essentially a modification of the setup reported in previous
studies in refs. 19, 20. Although the cyclic corrosion testing conditions are very severe for Mg
corrosion, it was carried out to simulate adequately complex service conditions usually found
in the field.

The cell was constructed by embedding two identical Mg alloys (WEs) in parallel in
epoxy at a distance of 6 mm apart, with the RE placed at the center, in between the WEs.
Note that it is highly important to maintain electrical contact between these WEs and RE
during the entire CCT measurements, especially for the dry stage. When a localized corrosion
occurs on one WE at a given test environment, excess electrons flow toward the other WE to

cathodically protect its surface [20]. At this moment, the current difference between the two
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WEs and their mixed potential can be measured by connecting a zero resistance ammeter
(ZRA) and a potentiostat. The details of operating cycles and the conditions for each setup of
the CCT are described in Table 3.2.

Furthermore, the microstructure of the test specimens was examined by using scanning
electron microscopy (SEM). For this, AZ61 and AZ91 were etched for approximately 5 s with

5% Nital (5 mL HNO3 + 95 mL ethanol) to observe the general constituents [6].
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3-3. Results and discussion

3.3.1. Effect on polarization behavior

Potentiodynamic tests were carried out to predict the temperature-dependent probability
of corrosion of AZ31B, AZ61, and AZ91 in 0.1 M NaCl solution, in the temperature range of
25-55 °C. The hydrogen evolution during polarization times under both anodic and cathodic
conditions has a complicated effect on the corrosion behavior of Mg alloys. The hydrogen
evolution proceeds as 2H,0 + 2e — H, + 20H". The hydroxyl ions (OH") during this
reaction increase the pH of the electrolyte, which leads to unexpected decrease in the
corrosion susceptibility of Mg alloys during anodic polarization time. Moreover, an
interesting observation associated with this reaction is that a rate of hydrogen evolution
increases with the anodic polarization [21,22]. Therefore, the potentiodynamic tests are
performed with two identical surfaces of the same sample, separately in potential ranges of
Eocp to +1 V (anodically) and then from Eocp to —1 V (cathodically).

As evidenced from the results of potentiodynamic tests shown in Fig. 3.2a and 3.2b, both
the corrosion potential (Ecorr) and the corrosion current density (icorr) decrease with increase in
Al content increased, at nearly room temperatures. Considering the mixed potential theory
and the experimental results obtained, this could be attributed not only to the initial rapid
corrosion resulting from the formation of a micro-galvanic cell between o/f-phases, but also
to the decrease in cathodic reduction reaction rates, with the increase in Al content. An
increase in the Al content decreases the cathodic reaction rate, leading to lower values of i¢or
at nearly room temperatures. This in turn implies a lower corrosion rate. During long term

immersion times, the Al,O3/Al(OH); compounds originating from the p-phase also
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Fig. 3.2. Variation in (a) corrosion potential Ecorr and potential at 1 mA cm™, and (b) corrosion
current density icor Of AZ31B, AZ61, and AZ91 as functions of electrolyte temperature in 0.1
M NaCl, as estimated from potentiodynamic tests. The icr was estimated by the
extrapolation of cathodic Tafel slopes back to the Ecor. The potential values at 1 mA cm™ are
presented in Fig. 3.2a to explain polarization phenomenon. The intersection corresponds to
the icorr. Error bars represent standard deviations. Smaller deviation than the symbols show no

error bar.
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effectively impede the surface corrosion of AZ61 and AZ91. The lack of reproducibility of
Ecor measurement for AZ91 might be attributed to the variation of the amount and
distribution of S-phase depending on the location of plates.

The Ecor of AZ61 and AZ91 gradually increase with the electrolyte temperature due to the
increase in charge transfer. On the other hand, E of AZ31B rapidly decreases with
electrolyte temperature, although the charge transfer increases at high temperatures. This
could have resulted from the severe increase in corrosion Kinetics with a high uniform
corrosion, as shown in Fig. 3.3. No passivation phenomena could be observed in AZ31B at
55 °C. Considering that all the experiments were performed after the initial open circuit delay
of 30 min, the p-phase seems to act as a barrier for preventing further corrosion, after the
superficial active a-matrix is all corroded. Between the alloys AZ61 and AZ91, no significant
difference in the charge transfer kinetics could be observed, at all temperature ranges
considered in this study. However, in case of AZ61, the rate of increase in the Egor With
electrolyte temperature is remarkable, when compared to that of AZ91. This could be
explained based on the strengthening of surface passivation associated with the fg-phase. The
alloy AZ61 has a lower passivation current density than AZ91, while their pitting potentials
Eqir exhibit similar values (Fig. 3.3). Moreover, for AZ61, 1 mA cm™ reached without serious
anodic polarization, when compared to AZ91 (Fig. 3.2a). In consequence, the icor vValue of the
AZ61 rather decreases at 55 °C, resulting in the lowest corrosion rate. Our results show that
the reproducibility of anodic polarization behavior is quite good, contrary to those performing

both anodic and cathodic polarizations sequentially.
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3.3.2. Effect on electrochemical impedance behavior

As shown in Fig. 3.4, the impedance diagrams of the Mg alloys polarized at —1.38
Vagagel (anodic domain) afford only one well-defined capacitive loop over the high
frequency domain, corresponding to a maximum value of imaginary part. Moreover, we
could also observe the onset of two or three inductive loops, extended by the capacitive loop
over low frequencies. The origin of the inductive loops in this electrolyte is actually related to
both the absorption of CI" and H,O, and the process of direct anodic dissolution on oxide-free

surfaces of the Mg alloys, as follows:

(i) adsorption of CI- and H,O

Mg+H20+CI‘—>MgCIadS+OH‘+%H2 @
1
Mg+H20—>MgOHadS+EH2 2
MqCl MgCl*
g ads g +e7 (3)
MgOH | |MgOH*

(i) direct anodic dissolution [23]

Mg — Mg}, +e” 4)

Mg;derHZO—>Mg2*+OHJr%H2 (5)

The adsorbed species of MgCl MgOH,,, and Mg;,, shown in the reactions (1-3)

ads?

are thermodynamically unstable. Consequently, they easily undergo dissolution to form
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Fig. 3.4. Nyquist plots of AZ31B, AZ61, and AZ91 measured at applied potential of —1.38

Vagager @s a function of electrolyte temperature, immediately after immersion in 0.1 M NaCl.

The experimental impedance data (e) are Kramers-Kronig relation compliant (—), indicating

that these processes fulfill causality, linearity, stability, and finiteness. For detailed

explanation for the Kramers-Kronig relation, refer to the ref. 32.

MgCl*, MgOH" and Mg?*", according to the reactions (3) and (5), respectively. The

electrochemical reactions (1), (2), and (5) are introduced to explain the severe hydrogen

generation reaction that occurs during the impedance measurement, i.e. negative difference

effect. The oxide-free areas, at which the reactions (1-5) may take place, are considered to be
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Fig. 3.5. Nyquist plots of AZ31B, AZ61, and AZ91 measured at open-circuit potential as a

function of electrolyte temperature, after immersion for 30 min in 0.1 M NaCl. The

experimental impedance data (e) are Kramers-Kronig relation compliant (—), indicating that

these processes fulfill causality, linearity, stability, and finiteness. For detailed explanation for

the Kramers-Kronig relation, refer to the ref. 32.

different for each specimen, depending on the area fraction difference of S-phase. In other

words, the presence of o and £ phases and their interactions may dynamically enlarge the

oxide-free area of Mg surface, accelerating the corrosion rate. In this context, the corrosion

kinetics of each specimen corresponding to the oxide-free area can be defined with the
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polarization resistance Ry.

The Nyquist plot for the alloy AZ31B at 55 °C shows inductive loops. The presence of 3
time-constants has been reported by other researchers at high anodic overpotentials and even
in a strongly corrosive media [23,24], which represents the high dissolution reaction rate of
Mg electrode. For the same reason, the severest relaxation of coverage is seen on the entire
surface of AZ31B, along with the evolution of a large amount of hydrogen at 55 °C. Finally,
after the impedance measurements, the alloy AZ31B gets damaged by the rapid corrosion and
loses its bright appearance. On the other hand, the alloys AZ61 and AZ91 show only two
inductive loops, even at 55 °C, Also, the surfaces are mildly damaged with few pits, without
much lose in their brightness. Interestingly, at temperatures higher than 40 °C, some part of
the inductive loop transforms into a capacitive loop, corresponding to the pre-passivation
process [23]. This results in an increase in R,. Considering that the passivation phenomenon
appears only as the capacitive loop in the impedance diagram, this transformation seems to
indicate that the oxide-free area (mainly a-Mg) that prompts continuous dissolution gradually
vanishes, thereby increasing the surface coverage at the high temperatures. In other words,
the partial transformation of inductive loop into capacitive loop might imply a manifestation
of the corrosion barrier effect of S-phase.

Remarkably, the Ry, i.e. sum of all resistances, of AZ61 maintained at almost a constant
value with increase in electrolyte temperature up to 55 °C, as shown in Fig. 3.6(b). On the
other hand, the R, of AZ91 gradually decreases with increase in electrolyte temperature.
Finally, AZ61 affords rather higher R, (21.0 Q cm?) than AZ91 (13.9 Q cm?) at 55 °C,
indicating that the degradation of AZ61 under such a state with high kinetic energy is
relatively impeded. In case of AZ91, the observed gradual decrease in R, with electrolyte

temperature might have resulted from the film breakdown and subsequent corrosion over the
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entire surface of the electrode during the anodic polarization.

These experimental results are definitely consistent with those of impedance
measurements at Eqcp after prior immersion for 30 min. As shown in Fig. 3.5, for all the
electrodes, the frequency value, at which the imaginary component reaches a maximum Wpax,
moved to a high frequency domain, with increase in electrolyte temperature. It could be due
to the increased degradation rates. This is similar to the impedance results at —1.38 Vagagci.
Of the 3 different alloys considered in this study, AZ61 exhibits the slowest increasing rate of
Whax, and resulting in the lowest value of Wn,« at 55 °C. This represents the lowest double
layer capacitance (Cq) per unit area, which is parallel with R, [25]. Therefore, as shown in
Fig. 3.6(c), AZ61 exhibits rather higher R, (914 Q cm?) when compared to AZ91 (477 Q cm?)
at 55 °C. For both AZ61 and AZ91 at 25-40 °C, the inflection point that follows the high
frequency capacitive loop has a characteristic frequency of approximately 1.5 Hz, which is
not affected by the electrolyte temperature. These low frequency capacitive loops are
attributed to the formation of oxide aggregates during the immersion, according to the ref. 26.

However, an increase in electrolyte temperature leads to decrease in both the high and
low frequency capacitive loops. Some part of the low frequency capacitive loop is
transformed to inductive loops, which is accompanied by a decrease in R,. The expansion of

the inductive loop can be explained based on the relaxation of surface coverage due to the

adsorption of MgCl,,, and MgOH, . species [23]. In case of AZ61 at 55 °C, the first

ads
inductive loop occurs at a relatively lower frequency when compared to AZ91, and exhibits
higher value of Rp. In addition, the rapid emergence of inductive loop also leads to an
increase in the number of inductive loops in AZ91, representing a high degradation rate of the

electrode surface.
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3.3.3. Effect on current transient behavior

Potentiostatic tests were carried out to analyze quantitatively the kinetics of pitting
corrosion in Mg alloys with electrolyte temperature. A strict control of the formation of
passive film took precedence over the tests. After the tests, many pits were observed for all
Mg alloy surfaces considered in this study, excluding AZ31B at 55 °C, which indicates that
the current transients are mainly responsible for the pitting process. A rapid arrival to critical
current values (within 200 s) may explain why the pitting corrosion of Mg propagates
through only a few corrosion sites per unit area of exposed surface.

As shown in Fig. 3.7, we could observe a continuous increase of pitting current with no
incubation time t; when the coupons were polarized at an applied constant potential Eayp Of —
1.38 Vagiagal, the value of which is higher than their critical breakdown potential Ec. Instead,
the t; was dominated by the transient time z. In most cases, the passive film breakdown occurs
more easily above E; in the presence of CI™ anions and results in a local exposure of oxide-
free area to the corrosive environment. Therefore, a large value of AE (= Eapp — Ec) leads to

the convergence of t; to zero, according to the following equation [27]:

ti=4{exp(— XZ;‘ﬁE)} ©)

where (is J°u 2(a,, )2 exp (%) , F is Faraday’s constant, RT is the thermal energy.

This equation well describes that t; is a function of AE in an electrolyte, where the CI~

concentration is fixed (constant a_ ). The results imply that AE is quite large for Mg alloys,

so that the experimental condition might be considerably aggressive to corrosion. Hence, the
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pitting current began to rise sharply with time, reaching the maximum value of current
density imax Within few minutes, with the onset of visible pits. Obviously, the lowest value of
imax Was observed in case of AZ91 at nearly room temperatures (25, 40 °C). However, at 55°C,
an inverse relationship emerged between AZ61 and AZ91. Moreover, AZ61 shows rather
lower (or very similar) imax compared to AZ91. Noticeably, the pitting current of AZ61
increased at the slowest pace with time (i.e. lowest slope) for all the temperature ranges
considered in this study. This indicates that the interaction between Mg and CI is the slowest
among them. This slow change in current was predominant, especially at higher temperature
(55 °C). Only for AZ31B, there was always a transition with a slow fall in current density
during initial period (around 20 s) at 25 °C.

In the log i vs. t curves inserted, the parameter 7 represents an inflection point between
the two straight lines with different slopes. The corresponding time is z. The first
approximation can be expressed as i = kt, immediately followed by an exponential increase of
i with time according to the relation i = kt®, where k and b are constants that depend on Egpp
and AE. Here, 7 is regarded as an important parameter for the interpretation of passive film
breakdown kinetics, accounting for the transient diffusion flux during anodic polarization at
Eapp, Which is remarkable than that of steady-state diffusion. In this context, the convergence
of 7 to almost zero with electrolyte temperature indicates that the rate of passive film

breakdown is more severe in AZ91 than in AZ61 at high temperatures (1/z o< an approximate

estimate of film breakdown rate). Moreover, AZ61 mostly exhibits lower transient currents
than AZ91, although the parameter b seems to be very similar. This implies that the
interaction between AZ61 and CI is a slow process, which might be due to the presene of
strongly bonded adsorbed species on the electrode surface. The distinctly growing difference

in transient currents with electrolyte temperature between the two alloys further demonstrates
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Fig. 3.8. Corrosion current transients of AZ31B, AZ61, and AZ91 during cyclic corrosion test.

Details of the spray-dry-wet steps are described in Table. 3.2.

that the rate of pitting propagation is more severe for AZ91, i.e., no blocking nature of
adsorbed species.
Furthermore, the corrosion behavior of the AZ-type Mg alloys during CCT, which is

composed of salt spray, drying, and wet steps, was analyzed by measuring the current
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transients by means of a zero resistance ammeter (Fig. 3.8). Instead of continuous salt-spray
testing, cyclic corrosion testing was performed to replace adequately the real time exposure
conditions. During salt-spray step, a high concentration of salt (5 wt.%) was used in order to
ensure comparability within 24 hrs of the tests. The positive and negative current values
reflect the corrosion mainly on the WE1 (connected to working electrode) and WE2
(connected to counter electrode) during the tests, respectively. See Fig. 3.1 for the description
of WE1 and WE2,

During first 1 h of salt spray, currents were nearly zero due to passivation or inadequacy
of electrolyte levels on the electrode surfaces. However, after 1 h of salt spray, the current
abruptly increased for all electrodes, as a result of pit initiation and propagation. Of them,
AZ31B exhibits the highest rate of pit initiation and propagation, which became far higher in
the initial staged of drying due to an increase in temperature and [CI"] concentration. The
increase in [CI] concentration is attributed to the evaporation of water. However, the effect of
temperature was more noticeable than that of [Cl] concentration during the salt spray [6].
During the initial drying period of both AZ61 and AZ91, the current values were almost
similar (or just slightly increased), as compared to those under salt spray period. This
signifies that the increase in temperature does not greatly affect the rate of pit initiation and
propagation in these alloys.

After the water molecules were dried up completely, the current values abruptly
decreased to a nearly zero value again, thereby repassivating the surfaces. This indicates that
the electrochemical corrosion stops for all electrodes. However, the wet stage provides water
and promotes the progress of cathodic reaction, which further leads to corrosion. The main
cathodic reaction in neutral aqueous solution is water reduction reaction. The dissolved salts

facilitate the initiation of pits (or re-initiates) and propagate continuously with higher levels,
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Fig. 3.9. SEM images of the alloys (a, b) AZ61 and (c, d) AZ91 (only polished and etched).

compared to the salt spray stage. The high corrosivity of the wet stage might be attributed to
the high electrolyte temperature (50 °C) and the presence of concentrated CI™ ions within the
pits. However, only a small current flows through the AZ61 electrodes during the wet period,
which indicates that this environmental condition is not corrosive enough for the pits to be

initiated and propagated. This experimental result is consistent with that of another cyclic
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corrosion test, except for minor variations. In any case, the results obtained for AZ61 during
the wet period were always lower than those of AZ91. After the first cycle, the currents
gradually decreased throughout the entire step, especially for AZ61 and AZ91 electrodes,
probably due to the build-up of corrosion by-products.

In general, the higher the content of Al as an alloying element, the lower the corrosion
susceptibility of the Mg alloys. Intriguingly, at temperatures higher than 40 °C, AZ91 with
the highest Al content revealed lower corrosion resistance when compared to that of AZ61.
On the other hand, at near room temperature, the corrosion resistance of AZ91 was superior
to that of AZ61. Meanwhile, several authors have demonstrated that AZ91 suffers from a
similar or higher corrosion attack compared to AZ61 and AZ80 under prolonged exposure
conditions, typically for more than 24 d [6-8]. These suggest that the corrosion behavior of
AZ-type Mg alloys has a strong dependence on their morphology and microstructure
[8,28,29].

Furthermore, the distribution of S-phase, as a primary secondary phase of the Mg alloys,
was examined by using SEM analysis, as shown in Fig. 3.9. In case of AZ91, SEM image
indicates the segregation of a thick layer of p-phase at the grain boundaries of a-Mg. Even if
the p-phase exists within the a-Mg, it is still thicker when compared to that existing at the
grain boundaries. Besides, we could also observe many grains without any S-phase. On the
other hand, in case of AZ61, the thickness of the segregation layer of S-phase at the grain
boundaries was approximately half of that of AZ91. However, it could be noticed that nano-
scale particles of g-phase were being effectively dispersed within the grains, as shown in Fig.
3.9(d). For the propagation of pit, it is mandatory to have a critical pit size or depth (a
threshold value) at a given corrosive environment, for the occurrence of metastable-stable pit

transition [30,31]. Moreover, on Mg alloys, the pitting corrosion is demonstrated to happen
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mainly on the a-matrix with a segregation of salt particles [2]. These imply that the chances
for the growth of active pits beyond the critical size may be more remarkable in case of AZ91,
when compared to AZ61. It further implies that in many Mg alloy corrosion behaviors
depend strongly on the manufacturing processes, e.g. thermal and mechanical history, and
thereby the distribution of the gradient a- and B-phases. We do not have any proprietary
technology embedded in these products. Instead, ref. 33 might help predicting the

manufacturing process of the wrought AZ61 and as-cast AZ91 alloys.
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3-4. Conclusions

This chapter examined the effect of electrolyte temperature on the corrosion
characteristics of AZ31B, AZ61, and AZ91 Mg alloys in 0.1 M NaCl. The Ec. of both AZ61
and AZ91 gradually increased with the electrolyte temperature due to the increase in charge
transfer Kkinetics. In contrast, the Eqor 0f AZ31B decreased, although the charge transfer
increased. This could be attributed to the severe increase in corrosion kinetics with high
uniform corrosion. Although both AZ61 and AZ91 showed almost same charge transfer
Kinetics at all temperature ranges, the rate at which Ecor increased was more remarkable for
AZ61 than that for AZ91. This could be attributed to the strengthening of surface passivation.
Of the three different Mg alloys considered in this study, AZ61 exhibited the highest Eor and
lowest iqr at 55 °C. Moreover, its first capacitive and inductive loops occurred at lower
frequency domains compared to AZ91, at both Eocp and —1.38 Vagagci. Therefore, AZ61
showed rather higher R, than AZ91 at 55 °C. In addition, when anodically polarized at —1.38
Vagagcl, the pitting current of AZ61 slowly increased with time, especially at 55 °C.
Consequently, only a small current flowed through AZ61 during the wet period of cyclic
corrosion test (50 °C). Therefore, the current transients during the wet period were always
lower than those from AZ91. For pit initiation and propagation to continue further, there
should be a critical pitting size for the metastable-stable pit transition. In case of AZ61, the
thickness of the f-phase segregates at the grain boundary was approximately half of that of
AZ91. However, the nano-scale f-phase particles were effectively dispersed within the grains
of AZ61, whereas AZ91 has many grains that do not contain any S-phase. This implies that
the possibilities for the grown of active pits beyond the critical size may be limited for AZ61

compared to AZ91.
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V. Improvement in Corrosion Characteristics of
AZ31 Mg Alloy by Square Pulse Anodizing between

Anodic Oxidation and Active Regions
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4-1. Introduction

One well-known industrial technology for surface protection of valve metals is
anodizing. For Mg alloys, anodic films have thus far been primarily utilized to improve
corrosion characteristics or further enhance adhesion with organic top layers [1,2].
Furthermore, a recent important development in this process has been the use of alkaline
solutions with various additives such as NasPO, [3], KMnO, [4], Na;B4O; [5-7], NaAIlO,
[8,9] and Na,SiO; [3,5,7,8] as electrolytes with lower environmental impact than those
containing fluoride and chromate.

However, film growth during anodizing involves the formation of a Mg(OH), barrier
layer, followed by the formation of pores in it [5-7,9,10]. Such a porous film will allow
corrosive media to reach the substrate alloy easily; it will not offer any protection and will
instead accelerate galvanic and general corrosion. Moreover, spongy nature of this film may
reduce its adhesion with the substrate.

As another development in this process, several studies have explored the idea using a
pulse current or potential (pulse anodizing) instead of a constant value to get a higher mean
current density and thereby decrease the processing time and total energy consumption [11].
Qian et al. [12] applied a square pulse current of 0-40 mA cm? for 10-30 min on AZ91D Mg
alloy in a NaOH solution containing meta-silicates, borates and other additives. However, a
porous oxide layer still formed and the micro-pores actually seemed to widen with increasing
anodizing time. Duan et al. [13] obtained plasma electrolytic oxidation (PEO) films on
AZ91D Mg alloy by applying a square pulse potential of 350-400 V for 1-2 h in a KOH
solution containing various additives. Though they found that fluoride- and phosphate-

containing electrolytes were the most effective in improving the corrosion resistance of
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AZ91D Mg alloy, micro-pores still remained in the anodic films. Liu et al. [14] obtained a
protective passive film on pure Mg by applying pulse potential between passive (-0.5 Vscg)
and passive/active regions (-1.36 Vsce) for 30 min in 0.25 M Na,SO,4 + 0.1 M NaOH solution.
To our knowledge, no other reports on square pulse anodizing exist, especially on
conventional anodizing of Mg alloys.

In this chapter, we describe a novel anodizing technique that significantly limits the
formation of micro-pores on the anodic films and thereby increases the corrosion resistance.
The process involves applying the pulse potential specifically between anodic oxidation and

active regions of AZ31 Mg alloy in 2 M NaOH alkaline solution at 303 K.
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4-2. Experimental

Specimens were AZ31 Mg alloys with the chemical composition as shown in Table 4.1.
Prior to anodizing, all surfaces were ground with fine-grained emery paper of up to 2000 grit,
polished with 0.05-um alumina powder, cleaned by ultrasonication in ethanol for 5 min, and
finally rinsed with distilled water and quickly dried. The working area of each specimen was
bounded with hydrophobic adhesive masking tape to leave an exposed area of 1 cm? (1 cm x
1 cm). Samples were kept in a vacuum desiccator to avoid any contact with oxygen
molecules and moistures before use.

After storing in the vacuum desiccator for 1 day, the specimens were anodized in 2 M
NaOH aqueous solution with a square pulse potential (Fig. 4.1) between the anodic oxidation
(E¢) and active regions (E,). The specimens were also anodized at a constant potential of E:.
The volume of the solution used in each experiment was 200 cm® and it was stirred by a
magnetic stirrer. The pulse potential was well distributed across the electrode surface by
controlling the duty ratio a. The following process parameters were used: temperature = 303
+ 1 K; E; = 10 Vagagcl applied for duration t; = 5, 10, and 50 s; E, = -1.35 Vagiagc1 applied for

duration t, = 1 s; therefore a (%) = t;/ (t;+ t;) x 100 = 83, 91, and 98, respectively.

Table. 4.1. Chemical composition (wt.%) of AZ31 Mg alloy used in this study.

Mg Al Zn Mn Si Cu Ni Fe

Bal. 3.0 1.0 0.43 0.01 <0.01 <0.001 0.003
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Fig. 4.1. Waveform for applied square pulse potential

After anodizing, the corrosion characteristics of the specimens were assessed by linear
potential sweep voltammetry and electrochemical impedance spectroscopy (EIS) in deaerated
0.1 M NaCl aqueous solution at 303 K £ 1. The former was carried out in a potential range
from -0.2 to +0.3 Vagiagcl VS. open circuit potential (Eocp) With a scan rate set to 1 mV stin
order to minimize the degradation and further destruction of the anodic film by hydrogen
evolution during the cathodic process. In the EIS measurement, the real and imagery part of
the electrochemical cell were evaluated over a nominal frequency range of 10* Hz to 1 Hz
with a 10 mV amplitude, where the applied potential was Eocp. All the electrochemical
measurements were performed in a three-electrode system after the stabilization of Eqcp. The
Mg alloy of interest was used as the working electrode (WE); platinum wire, as the counter
electrode (CE); and Ag/AgCI electrode containing saturated KCI, as the reference electrode

(RE).
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4-3. Results and discussion

4.3.1. Anodic polarization behavior of AZ31 Mg alloy

Prior to pulse anodizing, linear potential sweep voltammetry was carried out to
determine E; and E,. As shown in Fig. 4.2, the obtained anodic polarization curve can be
largely divided into two parts, namely, the active region and the transpassive region. The
active region can be again divided into the primary passive region and the secondary passive
region.

Anodic dissolution of Mg alloy began at Eocp 0f -1.55 Vagiagel and the current density
increased with the anodic overpotential. This region mainly corresponds to the anodic process,
that is, the formation of the anodic oxidation product (Mg®*). The formation of Mg** in

alkaline solution follows the kinetics of two-electron transfer [15].

Mg — Mg”* + 2¢” (1)

The rate of increase in current density of this active-passive metal was significantly
limited by shifting the anodic overpotential toward the more positive direction due to the
initial formation of a passive film on the electrode surface. Film formation progressively
reduced the oxidation current to finally lead to passivation at -1.2 to -0.8 Vagagc (primary
passivity). The electrochemical reaction for anodic oxidation in this primary passive state

corresponds to the direct oxidation process of Mg(OH); [16].

Mg + 20H" — Mg(OH); + 2¢ (2)
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Fig. 4.2. Anodic polarization behavior of AZ31 Mg alloy in 2 M NaOH solution at 303 K

with a scan rate of 1 mVv s,

However, the current density subsequently increased with anodic overpotential at an
applied potential at -0.8 Vagagci due to the breakdown of the primary passivation film.
Subsequently, the alloy becomes passive once again (secondary passivity) at 0.2—1.5 Vagagci.

This secondary passive state occurs by direct oxidation of MgO on the electrode surface [16].

Mg + H,0 — MgO + 2H" + 2¢” )
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Beyond 1.5 Vagagcl, the current density increased again due to the oxygen evolution
reaction which could be clearly observed with the naked eye on the electrode surface. The
alloy finally developed a porous anodic film at an applied potential of 6.2 Vagagcl-

Thus, as mentioned, E; and E, were set to 10 and -1.35 Vagagci, respectively. E, values

greater than -1.35 Vagiagcl had no positive effect on corrosion resistance in our study.

4.3.2. Changes in current transient behavior of AZ31 Mg alloy during pulse

anodizing

After the linear potential sweep measurements, current transients under a constant
potential step and square pulse potential step with the various o were obtained in a 2 M
NaOH solution at 303 K in order to investigate the effect of the square pulse potential on the
anodizing behavior of Mg alloy.

As shown in Fig. 4.3, the « value had significant influence on the anodizing behavior
over 1000 s. Note that all the intricate details of the current values are not necessary for this
discussion; thus, only the current values extracted from point A (see Fig. 4.4) are represented
in Fig. 4.3. At the initial stages of anodizing, the current density was somewhat high, but
decreased gradually with anodizing time over the first 10 s. The higher current density at the
starting point of anodizing is due to the fact that the electrical field simply flows through the
metallic Mg. The current density decreased due to the formation of the anodic film, which
surely exhibits higher corrosion resistance than plain metallic Mg. The current density then
turned upward to a maximum value imax at tmax. It subsequently decreased gradually with
anodizing time and reached a constant level. These current contributions are presumably

related to a series of destruction, nucleation, and growth process of MgO on the electrode
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Fig. 4.3. Approximate data plots of the anodizing behavior for AZ31 Mg alloy over 1000 s as
a function of duty ratio in 2 M NaOH at 303 K. These current are values extracted from point

A (see Fig. 4) during the whole anodizing process.

surface. Juhl et al. [11] reported that small imperfections occur in the film due to the
concentration gradient of the current between the areas with a relatively thinner oxide
layerand the rest of the surface. They also suggested that these small imperfections occur on
the subgrain boundaries of the electrode where the initial formation of an electrochemical cell
starts. This area exhibits less resistance to current and leads to the decrease in current density.
The pulse potential induced a steep decrease in current density from ina as anodizing time
progressed, which indicates that the kinetics of nucleation and growth of anodic film are
more remarkable than that under constant potential. An increase in the thickness of anodic

film and thereby an increase in resistance caused a further decrease in current density. Finally,
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Fig. 4.4. Further detailed waveform view of square pulse potential and its current density
response (t; Duration for applying anodic oxidation potential, t;: Duration for applying

anodic potential).

the current density reached a constant level, where the rate of anodic dissolution and anodic
film formation reached a steady state. The average time to reach the steady state current was
approximately 2 times lower than that under a constant potential.

The detailed waveform of the square pulse potential and its current density response (Fig.
4.4) showed slight variation with a and anodizing time, but the general information is almost
the same: The main reaction during t, is the electrochemical dissolution of the anodic film.
This dissolution reaction can remove the weak spots on anodic film layer by the potential
edge effect and can increase the concentration of reactant species near the interface. When the

applied potential was changed to E; again, the electric field across the anodic film increased
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drastically to about 40 mA cm™ to form anodic film further. This indicates that the mean
current density obtained at the electrode surface is higher than that with a constant potential,
which confirms the finding of Juhl et al. [11], who reported that pulse anodizing affords a
higher mean current density and thereby decreases processing time and total energy

consumption.

4.3.3. Effect of pulse parameters on the anodic polarization behavior of AZ31

Mg alloy

Anodic polarization tests were carried out in order to investigate the effect of a square
pulse potential on the corrosion characteristics of AZ31 Mg alloy in deaerated 0.1 M NaCl
solution at 303 K (Fig. 4.5). As shown in Fig. 4.6, the corrosion potential Eor and current igor
of samples clearly followed mixed potential theory, according to which a lower hydrogen
generation rate or higher oxidation reaction rate leads to lower Ecor and icor. The pitting
potential Eyir was defined as the anodic potential at which the current density begins to rise
sharply with an increase in overpotential.

It was seen at an anodizing time of 300 s that an o of 83 afforded the highest E; of -1.41
Vagiager and lowest icor of 38.4 pA cm?; further increase in « led to a decrease in Epit and an
increase in iy IN addition, the absolute anodizing time seems to become a significant
parameter as the anodizing time progressed. With increasing anodizing time, the corrosion
resistance at an o of 83 was deteriorated continually whereas that at o of 98 and 100 was
improved. Finally, Epit was increased and icor Was decreased with increasing o at 900 s. These
experimental observations are well consistent with those of the current transient test results.

The lower current density response represents the higher corrosion resistance of the formed
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Fig. 4.5. Changes in anodic polarization behavior of anodized AZ31 Mg alloy as a function of
duty ratio « in deaerated 0.1 M NaCl at 303 K. Anodizing time: (a) 300 s, (b) 600 s, and (c)

900 s.

anodic film.
Overall, the specimen anodized with an a of 91 for 600 s exhibited the highest E;; of -

1.37 Vagiager and lowest igor of 17.06 pA cm, in particular, clearly displayed the highest
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Fig. 4.6. Variation in (a) Epir and (b) icorr as a function of duty ratio a.

improvement in corrosion resistance. Moreover, the current density response under these
conditions was the lowest value of 2.15 mA cm™ as clearly seen in Fig. 4.3, indicating that
the corrosion protection effect of the formed anodic film was more remarkable than in the
other specimens. This phenomenon arises presumably because the anodic dissolution rate of
Mg** during the anodizing process achieved a counter-balance with the formation of the
anodic film. In other words, reactant species became depleted near the interface (namely, the
electrode surface-OHP distance) during the anodizing process, but it is replenished from the
bulk solution when electric source alters the polarity and allows the working electrode to act
as a cathode. This indicates that intermittent desorption of reactant species during the
anodizing process plays an important role in forming an anodic film on Mg alloy. Desorption
of the reactant species occurs when applying E, for t;, and in this case, o becomes a
significant parameter in addition to E,. These indications point to the possibility that

anodizing can be conducted at high potential due to the replenishment of the reactant species
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during t,. This will decrease the total manufacturing time and further decrease production cost
[11]. However, we found no positive effects on corrosion resistance at E, than -1.35 Vagiagcl,
even though E, is in the primary passivity zone. Thus, considering the fact that anodizing
time in commercial plants is approximately 5-10 min, anodizing with a low o value might be

a better choice for improved corrosion resistance in Mg alloys.

4. 3.4. Effects of pulse anodizing on the EIS response of AZ31 Mg alloy

EIS measurements were performed in order to understand the corrosion kinetics across the
modified anodic film and substrate interface of AZ31 Mg alloy. Note that measurements at
low frequencies (below 1 Hz) are not discussed because some of the specimens involved an
inductive loop or useless fraction of noise at these very low frequencies. Several significant
studies have ascribed the inductive behavior to corrosion [17] and oxidation of metals [18,19].
Armstrong et al. [20] ascribed the inductive behavior in a multistep reaction to the
chemisorption of reactant species during the activation step. It could also be a result of the
inhomogeneous distribution of current on the electrode surface. However, it is still difficult to
recognize the origin of inductance behavior and there is no clear explanation for it.

Figure 4.7 shows an electrical equivalent circuit model for the anodized Mg alloy used in this
study. Impedance plots showed a characteristic depressed semicircle implying the deviation
from ideality, as seen in Fig. 4.8. Therefore, a constant phase element (CPE) was utilized to
compensate for the deviation. An absolute quantification method for the capacitance from

CPE was developed by Hsu et al. [21].

Ca=Q° (fmaX)n_1 (%)
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Fig. 4.7. Electrical equivalent circuit model used in this study.
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Fig. 4.8. Measured Nyquist plots of anodized AZ31 Mg alloys immediately after immersion
in deaerated 0.1 M NaCl at 303 K: anodized for (a) 300 s (b) 600 s, (c) 900 s.
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Fig. 4.9. Variation in (a) polarization resistance R, and (b) double layer capacitance Cg of
anodized AZ31 Mg alloy as a function of duty ratio o in deaerated 0.1 M NaCl at 303 K

estimated by fitting the measured impedance spectra.

where, Cy is the double layer capacitance; Q° = S s" (S = siemens (1/ohm), s = second); fimax
is the frequency at which the imaginary component reaches a maximum; and n is an exponent.
As shown in Fig. 4.9, an « value of 83 afforded the highest polarization resistance R, of 0.30
kQ cm? at 300 s; R, decreased as o increased. However, with increasing anodizing time, R,
decreased gradually at an « of 83, but increased at an a=100. Finally, at an anodizing time of
900 s, Ry increased with a value. It is clear that an a of 91 indeed afforded the highest R, of
0.46 kQ cm? and lowest Cq of 13.2 uF cm?. These experimental observations are consistent
with those of the anodic polarization test.

The corrosion resistance of the Mg alloy beneath the anodic film can be adequately

explained by R,, which maybe proportional to Eyi: and inversely proportional to icor, as
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Fig. 4.10. The close interrelationship between the results of the anodic polarization test (Epit

and icorr) and the EIS test (Rp).

clearly seen in Fig. 4.10. Moreover, Cgy has a close relationship with the adhesion force of the
anodic film, which prevents contact of the substrate with the electrolyte. This indicates that
the specimen anodized with an a of 91 for 600 s has an anodic film with relatively low
corrosion of the substrate.

In addition, these phenomena can be explained on the basis of the micro-pores formed
on the anodic film layer. A relatively high value of R, for the specimen anodized at an « of 91
for 600 s indicates that it is more difficult for CI" to penetrate because the protective anodic
film is denser and more uniform than that of the specimen anodized at an o of 100. It is well
known that micro-pores form during the anodizing process because the MgO formed on the

Mg alloy has a molar volume of 11.3 cm®mol™®, whereas Mg metal has a molar volume of
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Fig. 4.11. Change in surface morphology of the anodic films formed in 2 M NaOH for 600 s
with duty ratios () a = 83, (b) a =91, (¢) a« = 98, and (d) « = 100 (constant potential). The

corresponding thickness of anodic film was about 0.6-1.0 um.
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14.0 cm® mol™, which gives a Pilling-Bedworth ratio of 0.81 [22]. Since preventing the
creation of micro-pores is impossible, reducing their size and distribution is the natural
alternative. As seen in Figs. 4.11 and 4.12, we could decrease the maximum pore diameter to
less than 1 um and, furthermore, reduce the surface porosity 11 fold, from 8.06 % to 0.65 %.
The dissolved Mg?* during t, seems to directly contribute to the formation of anodic film in
the formed micro-pores, as seen in the surface morphology of the specimen anodized at an «
of 98: there were no observable differences in the size and distribution of small-diameter
pores, but those of large-diameter pores were significantly reduced by the pulse potential (Fig.
4.11c). However, unexpected pits and cavities may remain in the anodic film if the rate of
anodic dissolution is intensified (o = 83), which will induce an increase in current density

response with anodizing time, as seen in Fig. 4.3. Moreover, the thicknesses of anodic films
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Fig. 4.13. Typical X-ray diffraction pattern of the anodic films (MgO) formed on AZ31 Mg

alloy with the different duty ratios « for 600 s.

were approximately 0.6-1.1 um, and were increased with the decrease in a because of the
increase in mean current density during the whole anodizing process. In general, the
maximum pore size of anodic film increased with the film thickening [4]; however, these
micro-pores were effectively filled with anodic films by the pulse potential (Fig. 4.11b). As

shown in Fig. 4.13, the anodic films were mainly composed of MgO. However, there was no

direct relationship between the formation of MgO and a.
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4-4. Conclusions

This chapter examined the effects of square pulse anodizing on the surface morphology
and resultant corrosion characteristics of AZ31 Mg alloy. A square pulse potential between
the anodic oxidation region (10 Vagagci) and active region (-1.35 Vagagcr) Was applied on the
electrode surface with different duty ratios & in 2 M NaOH at 303 K. At the initial stages of
anodizing, the corrosion resistance increased as « decreased due to the increase in mean
current density. However, the absolute anodizing time became a significant parameter as the
anodizing time progressed. Therefore, the corrosion resistance of specimens anodized at low
a deteriorated, whereas that of specimens anodized at high « improved with the anodizing
time. However, it was noticeable that the specimen anodized at an a of 91 for 600 s exhibited
the best corrosion resistance, which was confirmed to be due to the decrease in pore size and
surface porosity of the anodic film. The maximum pore diameter was less than 1 um and the
surface porosity was about 11 times lower than that for samples anodized at a constant
voltage. This smooth anodic film on the AZ31 Mg alloy arises presumably because the
intermittent desorption of Mg®* during the anodizing process achieved counter-balance with
the formation of the anodic film. In the other words, the artificial formation of Mg?* during
the anodizing process may remove the weak spots of the formed anodic film layer by
potential edge effect and thereby increase the concentration of reactant species near the
electrode/electrolyte interface. This dissolved Mg®* seems to directly contribute to the
formation of anodic films in micro-pores. However, unexpected pits and cavities may be left

in the anodic film if the rate of anodic dissolution is intensified.
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V. Surface Porosity Tuning and Simultaneous
Formation of Al-enriched Oxide Layer by Pulse-

Anodizing AZ31 Magnesium Alloy
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5-1. Introduction

Anodization is an electrolytic passivation process that produces a thick, chemically
stable protective oxide film on valve metals. Anodization mitigates the general and galvanic
corrosion of bare Mg alloys, but the formed anodic films are more water soluble than those
formed on Al alloys, which are rival traditional materials for weight reduction. Therefore,
anodization is often used to produce an undercoating layer to provide better adhesion for
various organic finishes [1,2]. In general, the anodic films formed on Mg alloys can be
divided into two sub-layers: a very thin but dense inner layer and thick porous outer layer [1].
Of these layers, the porosity of outer layer is strongly influenced by the various anodizing
parameters such as the electrolyte, concentration, temperature, electric field applied, and so
on. The formation of compact anodic films on Mg alloys is limited, because MgO has a molar
volume of 11.3 cm® mol™, whereas metallic Mg has a molar volume of 14.0 cm® mol™, and
therefore the Pilling-Bedworth ratio is 0.81 [3]. In this context, several researchers have
elucidated the mechanism for the corrosion of the anodic film through the two types of pores,
i.e., the non-through-pores and through-pores [4,5]. In addition, many researchers have
examined the causal relationship between the microstructure (such as the sizes and
distribution of pores) and electrochemical characteristics of anodized Mg alloys [6-8]. Thus,
the pore characteristics of the anodic film are fundamental consideration in the accurate
evaluation of the corrosion performance of anodic films.

The author have previously proposed a novel anodizing technique in which a pulse
potential between the anodic oxidation and active regions for the AZ31 alloy is applied in 2
M NaOH alkaline solution [9]. Note that passive metals such as Fe, Cr, Ni with transpassive

dissolution are not appropriate for corrosion protection by anodization. Similarly, the
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passivity of Mg breaks down at about 2 Vagagci With high tranpassive dissolution rate of
various A cm™ in 2 M NaOH. However, the transpassive dissolution stops abruptly at the
extended transpassive range which is higher than 6 Vagagci Up to hundreds of volts. This
property was used to develop oxide films of Mg alloys for corrosion protection [9]. The main
idea of this pulse anodization is that the active potential may remove the weak spots on the
anodic film through the potential edge effect and thereby increase the concentration of
reactant species near the electrode/electrolyte interface. In consequence, a specimen anodized
with a duty ratio, i.e. the time percentage of the duration of anodic oxidation potential to total
anodization period (refer to the experimental section), of 91% for 600 s exhibited the highest
corrosion resistance in 0.1 M NaCl solution because of the decrease in the size and the
number of pores over the anodic film [9].

In this chapter, we further investigate the effects of the pulse repetition frequency f under
a constant « of 91 on the microstructure and corrosion characteristics of the anodic film
formed on AZ31 Mg alloy. Moreover, the effects of the pulse potentials between the anodic
oxidation and active regions on the microstructure of the anodic film layer are studied more

systematically.
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5-2. Experimental

The coupons used were wrought AZ31 alloy with a chemical composition as follows:
3.0 wt% Al, 1.0 wt% Zn, 0.43 wt% Mn, 0.01 wt% Si, < 0.01 wt% Cu, <0.001 wt% Ni,
<0.003 wt% Fe, and the balance Mg. The surfaces of the coupons were mechanically ground
with emery paper up to 2000 grit, buffed with 0.05-um alumina powder, cleaned with an
ultrasonic cleaning system in ethanol for 5 min, and finally dried under cold air. The working
area was bounded with hydrophobic adhesive masking tape to leave an exposed area of 1 cm?
(2 cm x 1cm). Then, the coupons were anodized in 2 M NaOH aqueous solution with a
square pulse potential between the anodic oxidation E; and active regions E,. They were also
anodized at a constant potential of E; for comparison. The following process parameters were
used: temperature = 303 = 1 K; duty ratio (o = t; / (t + t3) x 100) = 91%, E; = 10 Vagagci
applied for duration t; = 5, 10, 15, and 20 s; E; = -1.35 Vagagci applied for duration t; = 0.5, 1,
1.5, and 2 s; and, therefore pulse repetition frequencies f = 0.18, 0.09, 0.06, and 0.04 Hz,
respectively.

The surface morphologies, cross-sectional structures, and chemical element distributions
within the anodic films were characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and auger electron spectroscopy (AES),
respectively.

The corrosion characteristics of the anodic films were assessed by potentiodynamic and
anodic breakdown tests in deaerated 0.1 M NaCl at 303 K + 1. The former was carried out in
the potential range from -0.2 to +0.3 V vs. the open circuit potential (Eocp) with a scan rate of
1 mV s, and the latter was carried out with a polarizing voltage of —1.4 V agiager for 420 s.

The AZ31 alloy of interest was used as the working electrode (WE), platinum wire was used
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Table 5.1. Details of cyclic corrosion test (CCT). T and RH represent the operating

temperature and relative humidity, respectively.

Operating cycle Conditions for each step

Salt spray (2 h) 5 wt% NaCl, T = 35°C, RH = 100%
Dry (4 h) T =60°C, RH = 25%

Wet (2 h) T =50°C, RH = 100%

as the counter electrode (CE), and an Ag/AgCI electrode containing 3.3 M KCI was used as
the reference electrode (RE). The cyclic corrosion test (CCT) consisted of a salt-spray step
for 2 h, a drying step for 4 h, and a wet step for 2 h was carried out for 3 cycles (24 h). Table
5.1 shows the temperature and relative humidity (RH) in each test step. All the
electrochemical experiments were repeated three times and the obtained results were

reproducible.
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5-3. Results and discussion

5.3.1. Effects of pulse anodizing on the surface porosity of the anodic film

As seen in Fig. 5.1(a), the specimen anodized at a constant potential (10 Vagagcl)
contained a number of small- (less than 1 um) and large-diameter (above 1 pm) pores
throughout the surface because of the low Pilling-Bedworth ratio (Rpg) of Mg (Rps = Voxide /
Vmetat = 0.81). An Rpg of a valve metal less than 1.00 induces compressive stress at the
metal/oxide interface during the anodizing process, and therefore insufficient anodic film is
formed to cover the substrate, i.e., the micro-pores are present, even if a sparking do not
generated. An effective and continuous resistance to corrosion during immersion requires the
maintenance of a compacted protective barrier layer. However, these micro-pores
unfortunately act as preferential sites for pitting propagation, and thus the anodic film with its
porous structure on the Mg alloy is more susceptible to corrosion than the films on ordinary
parts.

However, the conspicuous micro-pores were significantly reduced by the pulse
anodization between anodic oxidation and active potentials. Of all the treatments tested, pulse
anodization with an « of 91%, f of 0.09 Hz, and anodizing time of 600 s was determined to be
the most suitable process (Fig. 5.1c). The optimized pulses reduced the pore density by 11
times, from about 7.11% to 0.63%, and decreased maximum pore diameter by 4 times, from
about 3.1 to 0.8 um (Fig. 5.2). The intermittent application of E, plays a special role during
the pulse anodization, and its significance was already discussed in chapter 4. An active

potential, E,, applied for duration of t; may induce some dissolution of the anodic film
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Fig. 5.1. Surface SEM images of the anodic films formed in 2 M NaOH after 600 s of
anodization with different conditions: (a) constant potential at 10 Vagagci and (b-d) pulse
potential between 10 and -1.35 Vagagci under constant duty ratio a of 91% (f = 0.04, 0.09,
and 0.18 Hz, respectively). Specimen anodized at an f of 0.06 Hz had a similar surface

morphology with that formed at 0.04 Hz.

formed on the Mg alloy. In particular, it could remove the weak spots of the anodic film
through the edge effect in electricity, i.e. when the flow of potential intercepts an edge or
corner, the electricity confines to a smaller volume, and subsequently increase the

concentration of Mg®* cations near the electrode/electrolyte interface. The dissolved Mg**
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Fig. 5.2. Variation in maximum diameter (um) and average density (%) of the pores formed

on the anodic films as a function of pulse repetition frequency f.

seems to directly contribute to the formation of the anodic film, especially in the micropores,
when E; is applied for a duration of t.. In consequence, the anodic film with the lowest pore
diameter and density developed when the rate of the artificial dissolution reaction (under
application of E, for t;) had achieved a counter-balance with the rate of the anodic film
formation reaction (under application of E; for t;) over the whole anodizing process.

When the a and the anodizing period are fixed, the total film formation time (total t;) and
anodic dissolution time (total t;) are independent of f. However, the initial current surge
frequency required for adjusting the surface concentration of reactant species to its

equilibrium concentration increases with f, which can increase the film formation kinetics.
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The current response during the pulse anodization is made up of two components, i.e., the
initial current surge and the subsequent normal diffusion-controlled current (refer to the ref.
11). Moreover, the coincidence of a decrease in Faradic current and an enhancement of non-
Faradic current by the increase in f during the anodization may lead to a less porous anodic
film. Hence, the porosity of anodic films and the diameter of micro-pores could be flexibly
controlled by altering the f value. In addition, the lower the film porosity is, the lower the
surface roughness is, which might have an additional contribution to the corrosion resistance.

Otherwise, the pore structures present in an oxide film of Mg alloys also can be reduced
by adjusting anodizing current applied, i.e., the porosity tends to decrease at a lower current.
In this context, Shi et al. suggested the Mg alloys to be anodized at a high current for
obtaining a thick anodic film quickly and then at a low current for reducing porosity of the
film formed [10]. The concept of the multi-current anodization seems quite similar to the
pulse anodization.

Since the formation of an anodic film is the main reaction during the overall anodizing
process, the duration t; should be much longer than t,. Thus, the o value must be higher than
at least 83% (t/t, = 5); the higher the value of «, the higher the value of the t/t, ratio of the
pulses. However, when « was higher than 98% (t/t, = 50), there were no significant
differences between the groups of samples anodized under constant and pulse potentials.
These results further show that a significant decrease in the surface porosity of anodic film
occurs when the number of pulses is about 50-70 in the anodizing process, indicating that f
should be increased with increasing anodizing time.

As shown in Fig. 5.3, depth profile measurements using AES were performed to

investigate the effect of the pulse anodization on the changes in element concentrations across

115



QD

12 +—— .

4

[EEN
SN o)) [e0) o
1 1 1 1

Auger intensity / 10

o

20 40 60 80 100

o

@y
N

[E=N
o
1

4

Auger intensity / 10

0 . . .
0 20 40 60 80 100

Sputtering time / min
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the anodic film. Researchers often use the depth profile measurements to evaluate the
absolute thickness of thin film, which depends on the sputtering time and the sputtering rate
of the materials, but the real sputtering rate can also be changed by the presence of
micropores within the film. Hence, the AES depth profile is not appropriate for estimating the
porous anodic film thickness. The obtained depth profiles were divided into three regions for
clarity of discussion: (i, i") the anodic film region, (ii, ii’) the anodic film/substrate transition
regions were determined by the intersections of tangent line at the maximum slope with the
horizontal line that connects the last peak and the zero level of the O profile (refer to the
dotted tangent lines in Fig. 5.3a and b) [11].

The anodic film formed under the pulse potential shared several features in common
with that formed under the constant potential. First, the same initial increases in the Mg and
O signals due to the removal of contaminants such as hydrocarbons on the surfaces of the
anodic films were found [11-13]. Second, the Mg/O molar ratios in the anodic film region
were almost constant with depth and maintained a suitable composition with excess Mg*".
Third, Gaussian-shaped distributions of the Mg signal were found in the film/substrate
transition region. Thus, the Mg profile exhibited a distinct minimum value in the middle of
this region due to the superposition of the substrate and film constituents at the metal/oxide
interface [12,13].

However, crucial distinctions were also observed between the two profile patterns,
which can be used as indirect evidence in the interpretation of the pore distributions. Several
researchers have reported that some complications caused by the topographical effect could
be encountered in the analysis of depth profile data [11,14]. For example, Sun et al. reported

that the topographical effects of the specimen are likely more prominent for oxides because
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of the non-uniform electric charges on oxide surfaces [14]. These experimental results signify
that the Auger signal intensities of the anodic film formed on the Mg alloy could be
influenced by the surface topography: the higher the intensity of the Auger signals, the lower
the porosity of the anodic film. The specimen anodized with the pulse potential afforded a
higher Auger signal intensity than the specimen anodized with the constant potential because
the anodic film was very tightly bound on the Mg alloy. The profile pattern characteristics in
the anodic film regions can also be reasonably explained on the basis of the surface
topography effect. For the specimen anodized with the pulse potential, the Auger intensities
of the Mg and O signals (c—d) increased with sputtering time in the anodic film region
because of the reduced porosity. However, the Auger signal intensities of the specimen
anodized with a constant potential (a—b) were invariant with sputtering time, which means
that there was no significant morphological change across the anodic film during erosion
under Ar* ion bombardment.

As shown in Fig. 5.4(a-b), a number of pores were observed within the anodic film layer
at intervals of 1-3 um for the specimen anodized at a constant potential. However, these pore
structures were effectively filled up and disappeared after the pulse anodization between the
anodic oxidation and active regions, and the thickness of the anodic film was increased by
approximately 60%, from 0.43-0.8 to 0.8-1.2 um (Fig. 5.4c). In general, the film thickness
increased slightly with the number of pulses because of the increase in average current
density, but unexpected pits or cavities were also formed on the film surface at 0.18 Hz (Fig.

5.2d). For more detailed discussion, refer to the chapter 4.3.4.
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5.3.2. Simultaneous formation of the Al enriched oxide layer along with MgO

As is clearly shown in Fig. 5.4(c—e), unusual oxide phase assembly behavior was
observed during the growth of anodic film under the pulse potential conditions, which
resulted in the formation of an Al-enriched crystalline oxide layer on the outer surface of a
MgO layer with a thickness ratio of approximately 1:3. Al is the main alloying element in
conventional AZ-type alloys and reduces the surface reactivity of Mg partly by being present
in the Mg solid-solution (a-Mg) and partly by precipitating Mg;7Al;, (8-phase) along the
grain boundaries and/or as a lamellar structure [15]. However, most of the existing Al in the
AZ31 alloy forms a-Mg. Therefore, the formation of the Al-enriched oxide layer could be
explained by the simultaneous dissolution of the alloying element of Al in a-Mg and S-phase
when E;, is applied for duration of t, in alkaline solution. Actually, pure Al has approximately
four orders of magnitude greater dissolution rate than pure Mg in a certain NaOH solution
which indicates that relatively large amount of AI** can be formed and accumulated
instantaneously at the electrode/electrolyte interface when E, is applied for duration of t,.
Considering that the anodic film growth occurs mostly on the electrode/electrolyte interface,
the dissolved AI** (or both AI** and Mg?*) seems to directly react with OH" to form complex
oxide compounds consists of Al and Mg in the outermost part of the anodic film when the
applied potential is altered quickly from Ej; to E:.

The appearance of the Al enriched superficial oxide layer in the Mg anodic films was of
particular interest also in the ref. 16. However, in this case, the aluminate ions are
incorporated preferentially in the oxides from the electrolyte additives. Similarly, there have
been many previous studies regarding AC modified passivation for various stainless steels

which can form superficial chromium (Cr) enriched passive films with high thickness [17,
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@ Anodic film (MgO)
@ Al enriched oxide layer

3 Pore structure

Fig. 5.4. (a) Cross-sectional morphology and (b) X-ray maps of part ‘A’ for the anodic film

formed under constant potential (10 Vagagct) applied for 10 min; and (c) cross-sectional
morphology, (d) X-ray maps of part ‘B’, and (e) line-scan profile of part ‘C—D’ for the anodic
film formed under pulse potential between 10 and -1.35 Vagiagel (@ = 91%, f = 0.09 Hz) for

10 min.

18]. The Cr enriched passive film played a very important role for improving the corrosion
resistance of stainless steels after AC modified passivation process.

Several researchers have observed a thick skeletal Al-enriched oxide layer during
extended corrosion immersion tests, and this layer can reduce the corrosion susceptibility and

further enhance the surface passivation of Mg alloys in chloride-containing neutral
120



electrolytes [15,19]. However, these Al-enriched oxide layers simply originate from the p-
phase that appears along the grain boundaries or as the lamellar structure for the high-Al-
content Mg alloys (more than 6%). Although the primary source of the Al-enriched oxide
layer formed on the AZ31 alloy during the pulse anodizing is different from that for the layer
formed on the high-Al Mg alloys during the corrosion immersion test, this composite anodic
film also afforded enhanced corrosion protection for the Mg alloy in a neutral solution [9].
The complete formation mechanism is not fully understood yet. However, the thickness of the
Al-enriched oxide layer is expected to increase as the Al content in a-phase increases and/or

the rate of the dissolution reaction increases when Ej is applied for duration of t,.

5.3.3. Effect of pulse anodization on the corrosion characteristics of the

anodic film

As shown in Fig. 5.5, the specimen anodized at an f of 0.09 Hz had the highest pitting
potential Epit of —1.36 + 0.04 Vagagcl and lowest corrosion current density icor 0f 60 £ 10 pA
cm. On the other hand, the specimen anodized at constant potential (f = 0 Hz) had the lowest
Epit of -1.44 = 0.03 Vagager and highest icorr 0f 190 £ 20 pA cm™. The pulse anodization
enhanced passivation phenomenon and also increased the degree of polarization (DOP) by
approximately 3 times. The DOP was defined as the potential change above the open circuit
potential required to reach 1 mA cm™. This increase in DOP indicates a highly polarized
anodic reaction of the electrode, which means that it is difficult for corrosive ions such as CI™
to penetrate into the micro-pores because of the protective anodic film.

The predominant degradation mechanism of the anodic film directly depends on the

initial porosity. Therefore, the seal quality of the anodic films as a function of f was judged by

121



® 77
= 131 // 4
< ,
()] s
< .14 ;
(%2
>
>
~ -1.51 4
w -..-f=0.8
< —0.09
=2 -1694 .- 0.06 8
2 --—-0.04
S - - 0 (constant) ¢ A
_1.7 T T - T

10" 10° 107 10" 10° 10

Current density, j / mA cm”

Fig. 5.5. Potentiodynamic polarization curves of the anodic films as a function of pulse

repetition frequency fin 0.1 M NaCl at 303 K. Anodizing time: 600 s.

rapid anodic breakdown tests at 1.4 Vagagci (Fig. 5.6). As shown in Fig. 5.6(a), during the
first 10 s, the current density of specimen anodized at f of 0.09 Hz decreased to
approximately 30 pA cm?, indicating that it still remains in the passive state. However, it
increased linearly after 10 s because of the initiation and development of pits within the pores
as well as the general corrosion. By contrast, the specimen anodized at a constant potential
exhibited the highest current density throughout the whole experiment, especially in the
initial step of anodic breakdown (~50 s) since it was in the transpassive state at -1.4 Vagagcl
(see Fig. 5.5). The decrease in current density due to the pulse anodization was more than an
order of magnitude, which means that it is more resistant to pit initiation rather than pit
propagation. Therefore, once the pits are initiated, the rate of pit propagation seems to be

similar for all specimens. This hypothesis can be demonstrated by the fact that the area of
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Fig. 5.6. Changes in (a) current density responses, (b) average density and total number of
breakdown spots, and (c) surface appearances of the anodic films as a function of the pulse
repetition frequency f during/after the anodic breakdown tests (carried out at -1.4 V vs.

Ag/AgCl for 420 s in 0.1 M NaCl).

single breakdown spots was nearly constant for all specimens (Fig. 5.6¢). The weak points
such as micro-pores in the anodic film have local high currents, which in turn generate a high
pH inside the micro-pores. These local areas can be blackened, i.e., they can form breakdown
spots, and pitted. The breakdown spot density was decreased approximately 3-fold, and total

number of breakdown spots was also decreased approximately 4-fold by the optimized pulse
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Fig. 5.7. Surface appearances of the anodic films after cyclic corrosion tests carried out for 24
h in a 5 wt% NaCl environment. Instead of continuous salt-spray testing, cyclic corrosion
testing was performed to ensure comparability within 24 hrs of the tests. In general, only salt-

spray setup (100200 hrs) is used for the corrosion testing of Mg alloys.

anodization (f = 0.09 Hz, Figs. 5.6b, 5.6¢).

The cyclic corrosion tests (CCT) results agreed well with the potentiodynamic and
anodic breakdown test results (Fig. 5.7). Severe corrosion was observed on the bare AZ31
alloy after 24 h. However, the pulse anodization mitigated the corroded area by more than an
order of magnitude, from about 85.5 + 3.2% t0 6.2 + 2.3%.

In summary, the optimized pulse anodization process between the anodic oxidation and

active region potentials led to both the decrease in film porosity and the formation of Al
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enriched superficial oxide layer. Both will decrease the corrosion susceptibility of Mg alloys
in chloride containing neutral environments. However, considering that the pitting is still
forced to occur preferentially through the film pores even if the Al enriched oxide layer has
formed, decreasing the film porosity seems more important for enhancing pitting corrosion

resistance.
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5-4. Conclusions

In this chapter the effect of the pulse anodization repetition frequency f on the
microstructure and corrosion characteristics of AZ31 alloy were examined under a constant
duty ratio o of 91%. An insufficient anodic film containing many micro-pores was formed
under a constant potential (10 Vagagci), but the number of such micro-pores was effectively
reduced by the pulse potential between the anodic oxidation (10 Vagagci) and active regions
(-1.35 Vagiagar) of the AZ31 Mg alloy. The significant reduction in surface porosity occurred
when the number of pulses is around 50-70 in the anodization process. In particular, the best
pulse conditions were an « of 91%, an f of 0.09 Hz, and an anodizing time of 600 s. In
addition, interestingly, an Al-enriched oxide layer was developed on the outer surface of the
anodic film in a thickness ratio of approximately 1:3. This phenomenon may occur when the
alloying element Al in the AZ31 alloy is sufficiently dissolved together with Mg when the
active potential is applied, thereby forming the Al-enriched oxide layer on the outer surface
of anodic film when the potential is altered to the anodic oxidation region. The external Al-
rich oxide layer can enhance the corrosion protection of the Mg alloy in a neutral solution. In
consequence, the pitting potential increased from -1.44 + 0.03 to —1.36 + 0.04 Vagagci and
the corrosion current density decreased from 190 + 20 to 60 + 10 wA cm™, resulting in a
decrease in the corroded area of approximately 3—4 times after anodic breakdown and salt

spray tests.
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V1. Synergistic Corrosion Protection for AZ31 Mg
alloy by Anodizing and Stannate Post-sealing

Treatments

129



6-1. Introduction

The world has seen rapid growth in demand for magnesium (Mg) and its alloys in
diverse lightweight applications (modern automotive, electronics, and aerospace industries,
etc) over the last few decades. Among these applications, the use of various Mg alloy
components inside a vehicle can lead to an overall weight-savings of around 10%, which in
turn leads to a composite (city/highway) fuel-savings of roughly 6% with no major changes
to the design [1]. In addition, the Mg alloys have high damping capacities, superior
dimensional stability, good recyclability, good electromagnetic interference shielding
properties, and good biocompatibility [1-5]. However, their obvious advantages have been,
unfortunately, tarnished by the low standard electrode potential (-2.37 Vsue) and high
corrosion susceptibility of Mg under certain service conditions.

Mg is a highly reactive (active) element in that it tends to readily lose its two valence
electrons and further react with chloride (CI") to obtain stable configurations. Chloride ion
intrusion and moisture absorption induce a breakdown of the naturally formed Mg
oxide/hydroxide and, eventually, an exposed a-phase will undergo degradation to form
hydromagnesite (Mgs(CO3)4(OH),-4H,0) and nesquehonite (MgCO3-3H,0) [6-8]. Moreover,
the Mg dissolves readily in dilute acids to form aquated Mg ions (Mg?*) along with H, gas. In
this context, many different types of anodizing processes have been developed to produce Mg
alloys with anti-corrosion abilities and mitigate the various types of corrosion damage.
However, the soft and porous anodized coatings obtained on Mg alloys are comprised of
water-soluble hydroxide and oxide, which means that it is difficult to achieve effective
protection against corrosion for industrial applications using only this process. Furthermore,

the pore structures of the anodized coating can act as preferential sites for pitting corrosion.
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Thus, the predominant corrosion mechanism for anodized Mg alloys directly depends on the
initial surface porosity [9-11].

Thus far, porous anodized coatings have often been used as under-coatings to provide
better corrosion resistance and adhesion for various organic finishes [12]. However, the
porous and rough surfaces can limit the utilization of spray-type top-coating systems. In this
context, we suggested a novel anodizing technique that remarkably limits the formation of
micro-pores on the anodized coatings, thereby improving their corrosion resistance [11].
Otherwise, post-treatments (e.g., sealing treatments) must be considered as a critical step for
achieving corrosion resistance for porous anodized Mg alloys. These sealing treatments are
often carried out in boiling water or solutions containing silicate/phosphate to deposit low-
solubility salts in the pore structures after reactions between Mg and the anions [13,14]. Song
et al. [14] suggested an irreversible electroless E-coating procedure for anodized ZE41 Mg
alloy carried out in a solution containing 71-82 wt% water, 16-26 wt% epoxy resin, and 1.3
wit% titanium dioxide. However, the pH of the electroless E-coating solution was nearly
neutral, so the dipping process could only last for 10 s. Hence, the porous structure of the
anodized coating was not completely sealed after the dipping process alone. Nevertheless, the
post-sealing procedure decreased the corrosion current density and increased polarization
resistance by approximately three orders of magnitude compared to the as-anodized coupon.
However, it is not clear as to whether this coating will provide long-term corrosion protection.
Fujita et al. [15] reported a procedure for liquid-phase deposition (LPD) of a TiO; film in
which pure Mg is dipped in a base solution containing 0.01 kmol m™ (NH,),TiFs and 0.2
kmol m® H3BO; at 353 K. However, the LPD process is time consuming, which limits its
industrial applications. In particular, it required more than 24 h to deposit a 0.5-um-thick

TiO; layer, and the film formed was not sufficient to enhance the corrosion resistance of Mg
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alloy because of the formation of micro-cracks. Organic and sol-gel coatings have also been
applied to improve the corrosion protection of anodized or micro-arc oxidized Mg alloys
[16,17].

The chemical conversion coating system for Mg alloys in a stannate bath have already
been examined by many researchers [18,19]. In this study, we investigate the feasibility of
sealing the porous structure of an as-anodized AZ31 Mg alloy with a stannate post-treatment

and measure the resultant corrosion characteristics.
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6-2. Experimental

The chemical composition of the commercial AZ31 Mg alloy used as a substrate was 3.0
wt% Al, 1.0 wt% Zn, 0.43 wt% Mn, 0.01 wt% Si, < 0.01 wt% Cu, < 0.001 wt% Ni, 0.003 wt%
Fe, and the balance Mg. The Mg sheets were ground with fine-grained emery paper up to
2000 grit, polished with 0.05-um Al,O3 powder, ultrasonically cleaned in ethanol for 3 min,
and quickly dried in cool air. The working area of each specimen (1 cm?) was limited with
hydrophobic adhesive masking tape. The specimens were then anodized in a 2 M NaOH
aqueous solution (200 ml) at 303 K with a constant potential of 10 Vag/agci for 10 min [11].
After the anodization, the specimens were immersed for 2-60 min in a post-treatment
solution containing 0.4 M sodium stannate 3-hydrate (Na,Sn03-3H,0) at 350 K that was
stirred. An identical stannate post-treatment was also carried out on bare AZ31 coupons (as-
polished, 0.05-um Al,O3; powder) for the same periods of time. After the specimens were
withdrawn from the stannate post-treatment solution, they were immediately rinsed with
running de-ionized water, dried in cool air using a handheld dryer, and reserved in a vacuum
desiccator until the morphological, chemical, and electrochemical characterizations.

After the stannate post-treatment, the surface and cross-sectional microstructures and
corresponding chemical compositions of the specimens were characterized by performing
field emission scanning electron microscopy (FE-SEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS). An Al Ka (1486.6 eV) X-
ray source was used and the obtained binding energies (BES) were charge-corrected with
respect to the signal from the residual carbon (C 1s) present on the stannate post-treated layer,
which was set at BE = 284.6 eV.

The electrochemical characteristics of the specimens were assessed by performing
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Table 6.1. Details of cyclic corrosion test (CCT). T and RH represent operating temperature

and relative humidity, respectively.

Operating cycles Conditions of each step

Salt spray (2 h) 5 wt% NaCl, T: 35°C, RH: 100%
Dry (4 h) T: 60°C, RH: 25%
Wet (2 h) T: 50°C, RH: 100%

electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV) in an
aerated 0.1 M NaCl aqueous solution at 298 + 1 K with a typical electrochemical cell
consisting of three-electrodes. In the cell, the specimens of interest served as the working
electrodes (WEs) with a Pt wire as the counter electrode (CE) and a Ag/AgCI electrode
(saturated 3.3 M KCI) as the reference electrode (RE). In the EIS measurement, the real and
imaginary parts of the impedance of the electrochemical cell were evaluated for 24 hat 1 h
intervals, where the applied voltage was the open-circuit potential (Eocp) over a nominal
frequency range of from 10° down to 10" Hz with an amplitude of 10 mV. The LSV was
carried out in a potential range from -0.2 to 0.5 V vs. Eocp, after stabilization of Eqcp for 30
min, and the corresponding currents were recorded at scan rate set to 1 mV s™. A method for
determining pitting potential E,; is described elsewhere [11]. Cyclic corrosion tests (CCT)
were performed according to the JASO (Japanese Automobile Standard) M609-91 method

[20]. The details of each setup for the CCT were described in Table 6.1. All experiments were
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repeated at least five times and were found to be reproducible; thus, only representative data

are shown in this chapter.
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6-3. Results and discussion

6.3.1. Effect on surface and cross-sectional structures of as-anodized coating

As shown in Fig. 6.1(a), the as-anodized coating formed on AZ31 contained many
cylindrical open pores not exceeding 3 um in diameter. The formation of this open-pore
structure is attributed to the fact that the molar volume of MgO (Voxige) is 11.3 cm® mol™,

whereas that of metallic Mg (Vimew) is 14.0 cm® mol™ [11,13]. A molar volume ratio

(@ (b)

Fig. 6.1. Surface SEM images of the as-anodized coating after stannate post-treatment: (a) as-
anodized (at 10 Vagagcr for 10 min), (b) stannate post-treated for 10 min. The white dots,
whether stannate post-treated or not, represent protrusions on the surface of the coating. Pore

depth of the as-anodized coating was measured to be approximately 0.3-0.5 um.
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(Voxide/ Vimetat) Of valve metals less than 1.00 increases the tensile stress at the metal/oxide
interface during anodization, and insufficient oxide film is developed to cover the substrate
containing the open pores. These pore structures cannot provide effective resistance against
corrosion and act as preferential sites for pitting corrosion [11,21,22].

As shown in Fig. 6.1(b), however, these open pores were effectively filled up after the
stannate post-treatment. Thus, the as-anodized coating was smoothed, and the surface
porosity was significantly reduced. Although the microstructural features of the as-anodized
coating were considerably changed by the post-treatment, there was no significant change in
surface color: the surface colors of both coatings were white. When a polished AZ31 alloy
was immersed in the same post-treatment solution for several minutes, the surface color also
changed to white. It should be noted that the post-treatment solution containing stannate salts
itself is changed from colorless to white by the precipitate produced when the temperature is
increased to 350 K. In an aqueous solution, Na,SnO3 (s) exists mostly in the form of
Na,Sn(OH)s (aq) and dissociates to produce Na* and Sn(OH)¢>. The Sn(OH)¢” anions are

instantly formed by reaction (1) because of their high stability at pH values above 8 [23,24]:

Na,Sn0s (s) + 3H,0 = Na,Sn(OH)s (aq) = 2Na* + Sn(OH)s* (1)

However, as shown in Fig. 6.2, the pH value of the stannate solution was decreased from
about 12.9 to 10.4 when the temperature increased from 298 K to 350 K, since the water and
base dissociation system which is in equilibrium (i.e., a steady-state where association
balances dissociation) is subjected to the absorption of heat: the pH value typically decreases

with temperature in most solutions [25,26], and the solution temperature compensation
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Fig. 6.2. Changes in pH of the stannate post-treatment solution with temperature.

coefficient for the stannate solution was measured to be —0.048 °C (negative slope, ApH/AT).
However, the equilibrium solubility of Sn (IV) in aqueous solution tends to decrease as the
pH decreases from 11.7 to 9 [24]. Moreover, crystalline SnO; (s) was proved to be the most
stable phase at pH values less than 11.7, while a double salt of SnO, and NaOH (i.e.
Na,Sn(OH)g) is most stable at pH values greater than 11.7 [24,27]. These facts suggest that
the gelatinous SnO, precipitates in the solid-state, which have a white color, can be nucleated
and grow in the stannate solution, especially at high temperatures on the surface of the as-

anodized coating, according to the reaction (2).

Sn(OH)e* = SnO; () + 2H,0 + 20H" (2)
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Fig. 6.3. High-resolution Sn 3ds;; XPS spectrum (circles) and decomposed components (solid

line) of the stannate post-treated coating.

In brief, the supersaturated state is attributed to the changes in the solubility of SnO,
with the solution temperature, and the colorless and transparent stannate solution started to
change to white at around 330 K (pH 11.5, see Fig. 6.2). These considerations fully explain
why the crystalline SnO, from the stannate solution supersaturated with oxides is deposited
on the as-anodized coating during the post-treatment. The SnO, might easily bond with
anodic films through ligand-surface OH reactions and redox reactions [28].

XPS measurements were then performed to accurately investigate the effect of the
stannate post-treatment on the chemical composition of the superficial layer covering the
open-pore structure of the as-anodized coating. As shown in Fig. 6.3, the Sn 3ds,, spectra
were composed of two peaks. The main peak centered at higher binding energy (BE, 486.71
eV) was solely attributed to the presence of SnO, [29], whereas the minor peak at a lower BE

(484.5 eV) was caused by the presence of metallic Sn [30]. This result suggests that SnO; is
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the main species present on the surface of the as-anodized coating after the stannate post-
treatment. In addition, the presence of a small amount of metallic Sn could be attributed to
the potential gradient between the Mg and SnO,. Therefore, there may be a local
electrochemical system on the as-anodized coating, especially inside the pore structures,
during the stannate post-treatment. Under given experimental conditions, the following redox

reaction can describe the metallic Sn deposition: a cathodic reaction

Sn(OH)¢> — Sn** + 60H (3)
Sn** + 4e” — S’ (4)
and an anodic reaction
Mg +20H — Mg(OH), + 2¢” (5)
Mg(OH), — Mg*" +20H" (6)

The Mg dissolution process (anodic) may result in the accumulation of Mg* in the
electrolyte, whereas the Sn deposition process (cathodic) may reduce Sn(OH)g> to Sn° on the
specimen surface.

This outer compact layer of SnO, made up approximately 30% of the total thickness of
the stannate post-treated coating (Fig. 6.4). In our previous work, the thickness of the as-
anodized coating was about 0.8 um and many pores were observed at intervals of 1-3 um
[11]. However, this pore structure was effectively filled up and covered by the SnO,,
increasing the total coating thickness to about 1.2 um. Furthermore, the uniform thickness of
the final post-treated coating indicates successful leveling of any irregularities such as the

initial pore structure of the as-anodized coating. The variation of the Sn/O ratio with depth
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Fig. 6.4. (a) Cross-sectional morphology (i, SnO, layer; ii, anodized coating; and iii, AZ31
substrate), (b) Changes in Sn/O ratio with depth, and (c) EDS elemental mapping of the

coupon stannate post-treated for 10 min.

clearly revealed that the thickness of the SnO, layer is approximately 0.4 um; the Sn/O ratio
of this layer is almost constant (0.4-0.5) with depth. However, the ratio decreased sharply
between 0.4 and 0.6 um (SnO,-rich layer) and then became saturated (anodized coating). This
observation implies that the SnO, not only forms the superficial layer of the as-anodized
coating but also nucleates and grows inside of the pore structures. The direct crystallization
of SnO, within the pores may enhance the strength of the adhesion of the SnO, layer to the

as-anodized coating. The adhesion strength of the SnO, layer was qualitatively determined by
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the amount of coating that was removed by cellophane tape peel tests. No SnO; residues were

visible on the tapes after these tests.

6.3.2. Effect on electrochemical characteristics of anodized coating

EIS measurement was carried out in order to investigate the effect of the stannate post-
treated layer on the corrosion kinetics across the anodized coating and the substrate interface
with the AZ31 Mg alloy. As shown in Fig. 6.5(a), the complex impedance plots of the as-
anodized sample showed ordinary distributions based on a simple equivalent circuit typically
appearing in as-anodized Mg alloys [11]. Moreover, an inductive loop emerged at low
frequencies (below 3 Hz) after 2 h of immersion, which did not appear for the sample with
the stannate post-treated coating. This inductive behavior is known to arise in most cases
from a non-steady-state response of continuously corroding metals [31-34].

By contrast, as shown in Fig. 6.5(b), mass transport impedance corresponding to an
impermeable boundary condition (restricted linear diffusion) was found for the sample with
the stannate post-treated coating upon initial immersion. This gives rise to an almost vertical
line in the complex plane as the frequency decreases, which corresponds to an ideal
capacitance dispersion. The appearance of this ideal capacitor is responsible for the extremely
small charge leakage at the coating/electrolyte interface, which means that slow corrosion
kinetics was achieved in this exposure environment [35,36]. Only a small steady-state dc
current flows in this ideal capacitor system because of the approximately constant ratio of
redox sites and lack of a detectable electrochemical potential gradient [37]. However, the
potential drop accelerates the motion of the counterions, so that an electrochemically active

layer is developed. In this context, the complex impedance plots gradually develop tilted lines
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298 K.
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instead of the vertical line as a result of the slow permeation of corrosive ions through the
coating layer. Hence, the mass transport impedance was gradually moved to a low-frequency
domain with immersion time, which is a departure from the ideal capacitor behavior. The
blocked linear diffusion behavior completely disappeared after 4 h of immersion, presumably
because the permeation of the corrosive ions into the coating/substrate interface of the
stannate post-treated sample had been completed.

Understanding the mass transport impedance of this electrolyte/coating/substrate cell is
quite important, since the ionic diffusion through the coating layer is the rate-determining
process at low frequencies. This mass transport reaction within the coating obeys the
linearized Fick’s law when the effect of migration is neglected. The linear form of Fick’s

equation is (Fig. 6.6),

2 Ac(x)

J,(x)=-D )

p

(8)

where J, is the flux of the corrosive species at 0 < x < L, c is the concentration of corrosive
species at x, and D is the pseudo diffusion coefficient.

Therefore, the expressions for AJ, at x = 0 and L are as follows [36],

J,[x=0] __poAcx=0] _ k, A" —k,Ac[x = 0] 9)
J,Ix=L]= —D% = k,Ac[Xx = L]+ k,AE (10)

where T is the concentration of corrosive species adjacent to the metal substrate, E is the
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Fig. 6.6. Schematic of the solution/coating/substrate cell system [31].

potential drop at the anodized coating/electrolyte interface, and each k value (ki;—ks) is a rate
constant.

Equations (9) and (10) give the generalized boundary conditions for Fick’s equation (8),
and the permeation of corrosive ions through a coating layer is effectively blocked when k3 =
ks = 0 [36]. Furthermore, the restricted diffusion impedance dominates the low frequencies of
the complex plane when the k values are close to zero [36,37]. This suggests that the ideal
capacitor system of the post-treated coating allows a slow steady-state dc current flow that is
caused by the extremely small charge leakage upon initial exposures. Therefore, the coating
initially acted as an effective corrosion barrier. However, the corrosion protection afforded by
this barrier formed on as-anodized coating was minimal at long immersion times, i.e., more
than approximately 10 h.

Curve fitting of the Nyquist plot with an appropriate equivalent electric circuit is the

most common method for analyzing the specimens’ impedance. However, the observed
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Fig. 6.7. Changes in polarization resistance R, (i.e. the sum of all resistances) of the as-
anodized and stannate post-treated (10 min) coatings with the immersion time in 0.1 M NacCl

solution at 298 K.

Nyquist plot for each specimen revealed different time constants and different Warburg
elements for different immersion times. Therefore, a Bode plot was considered in order to
directly contrast the polarization resistance Ry, i.e., the sum of all resistances, of the stannate
post-treated coating with that of the as-anodized coating. As shown in Fig. 6.7, a fluctuation
of R, (0-12 h) at the coating/electrolyte interface of the as-anodized coating was found. This
fluctuation is presumably due to the series of corrosion, absorption of corrosion products, and
removal of corrosion products in the pore structures. It was then gradually decreased with the
immersion time. By contrast, the stannate post-treated coating afforded a much higher R,

(10-100 fold) during the initial immersion (0—4 h) because of the effective blockage of linear
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diffusion at low frequencies, which results in the retardation of mass transport into the
coating. The R, then gradually decreased with immersion time but maintained its critical
value after 15 h of immersion and afforded a value about threefold higher than that of the as-
anodized coating even after 24 h of immersion.

Linear sweep voltammetry was then conducted in order to investigate the effect of the
stannate post-treatment on the overall corrosion characteristics of the as-anodized coating. As
shown in Fig. 6.8(a), the stannate post-treatment gradually allowed highly polarizable
cathodic behavior to occur, so that the Tafel slope increased with post-treatment time. This
means that smaller currents were observed for larger cathodic overpotentials as the post-
treatment time increased. The possible cathodic reaction in neutral aqueous solutions is the
hydrogen reduction reaction, i.e., 2H,O + 2e- — H, + 20H". Finally, the hydrogen reduction
reaction of a sample that was stannate post-treated for 10 min behaved almost ideally in the
potential range between -1.8 and -1.32 Vagagci (SNO2 has a large hydrogen overpotential).
Thus, the currents remained constant (almost zero) and were independent of the cathodic
potential. The cathodic reaction is very important for sustaining pitting since both the anodic
and cathodic reactions take place on the metal surface in a practical situation. Without the
cathodic reaction, no further growth of pits can occurs. This phenomenon can be explained by
the compensation of electric double-layer charging current with the potential change in the
cell, which results in infinite charge-transfer resistance at Eocp (Rt — ). This result is
consistent with the EIS data (see Fig. 6.5b).

Beyond the cathodic part of the sweep (at approximately -1.32 Vagagci), polarization
arose on the electrode surface, causing the current density to depart from the ideal straight
line. In particular, lower currents were obtained at higher anodic overpotentials. Thus, the

sample stannate post-treated for 10 min exhibited a higher Ecorr (-1.32 Vagiager) and Epit (-1.30
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Vagager) than the as-anodized sample (Ecor = -1.48 Vagiagel, Epit = -1.43 Vagiagel). This is
attributed to the presence of the 0.3-0.4 um thick SnO, layer, which is a highly corrosion-
resistant material over a neutral pH range electrolyte that covers up the open-pore structure of
the as-anodized coating. However, both the Ecor and Epir values measured for the stannate
post-treated samples were far from what one might expect from a SnO, coating [38,39]. This
result reveals that the filling effect by the SnO; is far from perfect so that the SnO, coating
obtained is actually quite porous. Hence, as shown in Fig. 6.8(b), the Eocp of the post-treated
coating was increased with the intermittent potential drops (fast wave potentials) occurring
upon initial immersion (~300 s), while the Eocp of the as-anodized coating decreased with
time. These fast wave potentials occurring upon initial immersion arise from the competing
influence of two electrochemical reactions occurring simultaneously on the stannate post-
treated coating, i.e., the rapid oxidation reaction of the as-anodized coating and the corrosion
protection effect of the SnO, superficial layer. This result signifies that the SnO; layer did not
fully cover the as-anodized coating after 10 min of stannate post-treatment, so that a small
area of the as-anodized coating was still exposed to the NaCl solution. Nevertheless, the
stannate post-treated coating afforded a higher steady-state Eqcp than the as-anodized coating
upon immersion. When in the steady-state, the potential difference across the working and
reference electrodes was constant (AEocp Vvs. t = 0). In contrast, the decrease in Eqcp of the
as-anodized coating upon initial immersion (~ 200 s) results from the continuous degradation
of the MgO. However, the Eqcp increased after 200 s because of the precipitation of corrosion
by-products over the as-anodized coating, especially within the open-pore structures. Finally,
the Eocp reached a steady-state level after 1000 s.

The Ecorr and Epir Values of stannate post-treated coating improved with treatment time

up to 10 min to nearly their maximum values, but no further improvement (or only small
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improvements) occurred afterward (Fig. 6.9a). This experimental result indicates that longer
post-treatments did not allow the SnO; particles to nucleate further even in the small areas
where the SnO, coverage was insufficient, i.e., unfilled pore spaces, with stannate post-
treatment times beyond 10 min. The results of the cyclic corrosion test agree well with the
linear sweep voltammetry results: there was no significant difference between the specimens
subjected to stannate post-treatments for 10 and 50 min after 3 cycles. The corrosion
protection effect of the stannate post-treatment in NaCl solution was also observed for bare
AZ31 Mg alloys (as-polished, Fig. 6.9b). However, approximately 50 additional minutes
were required to reach similar Ecor and Epir values to those of the as-anodized specimen
subjected to stannate post-treatment. These results imply that selective reactions such as the
ligand-OH reaction and redox reaction can accelerate the deposition of SnO, on the anodized
Mg coating layer. Therefore, the pre-anodizing procedure is highly necessary for the stannate
post-treatment of Mg alloys. Hence, the thickness of the SnO, layer and the resultant
corrosion behavior of the coupons seem to have improved no further after the anodized

coating was covered by the SnO, layer.
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6-4. Conclusions

In this chapter, the effects of stannate post-treatment on the surface sealing and corrosion
characteristics of as-anodized AZ31 Mg alloy were examined. AZ31 coupons were anodized
at 10 Vagagcr for 10 min in a 2 M NaOH aqueous solution at 298 K and subsequently
immersed in a 0.4 M sodium stannate 3-hydrate (Na,SnO3-3H,0) solution at 350 K under
stirring. After 10 min of the stannate post-treatment, the open-pore structures commonly
found on the as-anodized Mg alloy were mostly covered and leveled by the SnO, layer. The
stannate post-treatment solution supersaturated with oxide at high temperature seems to
contribute to the nucleation and growth of SnO, layer on the as-anodized Mg alloy. This
SnO; superficial layer made up approximately 30 % (= 0.4 um) of the total coating thickness
and effectively occupied the voids within the porous as-anodized coating. After the surface
sealing, the stannate post-treated coating exhibited mass transport impedance with
impermeable boundary condition (restricted linear diffusion) during the initial immersion for
4 h. Thus, the electrode showed ideal capacitance dispersion at low frequencies. This
phenomenon is attributed to the extremely small charge leakage at the coating/electrolyte
interface. Thus, slow corrosion kinetics was achieved in this exposure environment. In
particular, the stannate post-treated coating afforded 10-100 fold higher R, values during the
initial immersion, and the R, values were still higher even after 24 h. Interestingly, the
cathodic currents remained almost zero during the linear potential sweep measurement and
were independent of the cathodic overpotential. This phenomenon can be explained by the
compensation of electric double-layer charging current with the potential change in the cell,
which results in infinite charge-transfer resistance at Eqocp. AS a consequence, the stannate

post-treated coupons exhibited a higher corrosion potential Ecorr (-1.32 Vagager) and pitting
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potential Epit (-1.30 Vagager) than the as-anodized coupons (Ecorr = -1.48 Vagagel, Epit = -1.43

VAg/AQCI).
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7-1. Summary

1. In chapter 3, the effect of electrolyte temperature on the corrosion characteristics of
wrought AZ31B, AZ61, and as-cast AZ91 Mg alloys in 0.1 M NaCl was examined. At high
temperatures of around 328 K (55 °C), AZ61 showed the highest corrosion potential,
lowest corrosion current density, highest polarization resistance, and slowest pitting
propagation kinetics. These results can be attributed to the microstructure of AZ61 which

contains nano-scale f-phase particles effectively dispersed within the grains.

2. In chapter 4, anodizing was carried out for the AZ31 Mg alloy which exhibits the lowest
corrosion resistance with square pulses of different duty ratios between the anodic
oxidation (10 Vagagci) and active regions (-1.35 Vagiagc). A duty ratio of 91 for 600 s
afforded the highest Ep;; of -1.366 Vagagci, lowest icor of 17.06 pA cm?, and highest R, of
0.46 kQ cm? in 0.1 M NaCl. Furthermore, the micro-pores were effectively filled with
anodic films by the pulse potentials, thus the surface porosity was decreased approximately

11 times than that obtained with a constant potential.

3. In chapter 5, optimal conditions for the pulse anodizing were found to be a duty ratio of
91%, a frequency of 0.09 Hz, and an anodizing time of 600 s. The pulse anodizing caused
a remarkable 11-fold decrease in the surface porosity and a 1.6-fold increase in the film
thickness from those obtained under a constant potential. Furthermore, an complex oxide
compounds consists of Al and Mg was formed on the outer surface of MgO, which

improves the corrosion resistance of the Mg alloy in a neutral solution.
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4. In chapter 6, stannate post-treatment was conducted on the as-anodized AZ31 Mg alloy in
0.4 M sodium stannate 3-hydrate (Na,SnO3-3H,0) at 350 K. It effectively leveled the
porous anodized coating by depositing a SnO; superficial layer with a thickness of 0.4 um.

As a consequence, the stannate post-treatment afforded higher Rp, Ecor, and Epir values

throughout the immersion in 0.1 M NacCl.
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7-2. Future Work

This study demonstrated the possibility of enhancing corrosion resistance of magnesium
alloys by means of the novel pulse anodizing technique controlled between the anodic
oxidation and active regime potentials. This anodizing, however, is a highly sensitive process
for adjusting those potentials, i.e. the potential values must be altered with the alloy and
electrolyte types, etc. Moreover, the thickness of anodic films formed is too thin (around 2
um) to achieve desired corrosion resistance in a neutral solution. Therefore, it is obvious that
this anodizing is not capable of industrial applications. However, | would like to note that the
transpassive region (around 3 V vs. Ag/AgCl) of magnesium alloys develops porous, but
thick corrosion products on its surface along with the vigorous hydrogen evolution which
unfortunately do not have proper corrosion resistance. With this, | expect a dense and thick
anodic film if the pulse anodizing is conducted between the potential high enough to generate
sparks (near 150 V) and the transpassive regime potential. It is predictable because the sparks
preferentially concentrate on the sites where the anodic film is insufficiently formed during
the anodizing. Further, the composition of the anodic film formed while applying
transpassive potential could be modified by the spark generation.

Concerning the stannate post-sealing treatment, | believe it is very advantageous post-
treatment method because it can seal almost all the pores within the anodic films. In this
study, the stannate post-sealing treatment was carried out just for the anodic film under the
pulse potential condition which has the low thickness. However, this post-treatment might be
fully capable even if the film thickness is higher than 1020 um and the porous structure
could be sufficiently sealed by the SnO, which has a high overvoltage for the hydrogen

generation reaction in a neutral solution.
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