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Abstract

The corrosion deterioration process of plasma electrolytic oxidation (PEO)
coatings on AM50 magnesium alloy prepared from two different based
electrolytes, i.e. an alkaline phosphate electrolyte and an acidic fluozirconate
electrolyte, were investigated using electrochemical impedance spectroscopy
(EIS) in a 0.1 M NaCl solution with pH of 3, 7 and 11, respectively. It was found
that the PEO coating formed in alkaline phosphate electrolyte, which was
composed mainly of MgO, suffered from rapid chemical dissolution and lost its
protection capability very quickly in acidic NaCl solution (pH 3). The chemical
dissolution of this PEO coating was retarded in neutral NaCl solution (pH 7) and
the corrosion damage was localized in this environment. On the other hand, in
the alkaline NaCl solution (pH 11), the MgO coating underwent only slight
degradation. The PEO coating produced in acidic fluozirconate electrolyte, the
failure was marked by the flaking-off of the large areas of coating in acidic NaCl
solution (pH 3). However, in the neutral and alkaline NaCl solutions, the
coating underwent only a slight degradation without any observable corrosion
damage in the 50 h test. The results showed that the deterioration process of
PEO coated magnesium alloy was governed mostly by the pH of NaCl solution
and it was also strongly related to the microstructure and composition of the
PEO coatings.

1. Introduction

Magnesium alloys are of great interest for many industrial applications, e.g.
automotive, aerospace and communication, etc., due to their low density, good
strength/weight ratio, high dimensional stability, good electromagnetic shielding
and damping characteristics, good machining and recycling ability [1,2].
However, a critical limitation for the extensive application of magnesium alloys
is their susceptibility to corrosion, especially in chloride environments [3-5].
Many attempts are being adopted for overcoming the corrosion problems.
These include the effective addition of alloying elements, control of impurities,
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control of microstructure through rapid solidification, modification of surfaces by
suitable treatments and so on [6]. Among these techniques, surface treatment
seems to be one of the most effective ways to improve the corrosion resistance
of magnesium alloys. Various surface treatments, such as plating, conversion
coatings, anodizing, gas-phase deposition, laser surface alloying and polymer
coatings, are currently in use, amidst which the plasma electrolytic oxidation
(PEO) treatment is becoming increasingly popular in the last few years [7-11].
By the PEO process a relatively thick, dense and hard oxide coating can be
produced on the surface of magnesium alloys to improve their corrosion
resistance remarkably [12-15].

The influence of pH and/or chloride ion concentrations on the corrosion of pure
magnesium and magnesium alloys has been studied extensively for
understanding of environmental factors controlling corrosion [3,16-20]. From a
practical view point, it is worthwhile to investigate and understand the influence
of environmental factors on the corrosion behaviour of surface treated
magnesium alloys. To date, however, there is not much published information
on the effect of pH and/or chloride ion concentrations on the corrosion of
surface treated magnesium alloys, excepting a publication by the authors’
group, which gave some insights into the corrosion behaviour of PEO coated
magnesium alloy in acidic and neutral solutions [21]. In order to fully
understand the corrosion mechanism of PEO coated magnesium alloy in
different corrosive environments, two kinds of PEO coatings with different
phase composition and microstructure were produced and their deterioration
process was evaluated by electrochemical impedance spectroscopy (EIS).
The corrosion behaviour and mechanisms of PEO coated magnesium alloy in
chloride environments of different pH levels were assessed and discussed.

2. Experimental

Test coupons (15 mm x 15 mm x 4 mm) of AM50 magnesium alloy (mass
fraction: 4.4% ~ 5.5% Al, 0.26% ~ 0.6% Mn, max 0.22% Zn, max 0.1% Si, and
Mg balance) were used as the substrate for the PEO treatment. The specimens
were ground with different grit emery sheets (up to 2500 grit) before the PEO
treatment. The PEO processing conditions were exactly similar to those
reported in our earlier work [22].

Macroscopic surface appearance of the corroded samples after corrosion tests
were examined in a stereo-zoom optical microscope. Scanning electron
microscope (Cambridge Stereoscan) was employed to observe the surface
morphology of PEO coated samples, both before and after corrosion tests,
which were sputtered with thin gold film in order to prevent surface charging
effects.

Electrochemical corrosion tests were carried out using a computer controlled
Gill AC potentiostat/frequency response analyser to evaluate the deterioration
process of PEO coated magnesium alloy specimens in NaCl solutions. A typical
three electrode cell, with a saturated Ag/AgCI (saturated with KCI) as reference
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electrode, a platinum mesh counter electrode and the PEO coated specimen as
the working electrode (0.5 cm? exposed area) were used in the tests. All
electrochemical tests were conducted in 0.1 M NaCl solution with pH of 3, 7 and
11; the pH of the solutions was adjusted to the desired value with HCI and
NaOH. The electrochemical impedance spectroscopy (EIS) tests were
performed at open circuit potential with AC amplitude of 10 mV over the open
circuit potential in the frequency range from 30,000 Hz to 0.01 Hz after
immersion periods of 0.5 h, 2 h, 5 h, 10 h, 25 h and 50 h, respectively. All
experiments were performed at room temperature, i.e., 21 + 1 °C, and the NaCl
solution was stirred with a magnetic stirrer during the electrochemical
measurements. All electrochemical tests were conducted in triplicate in order to
ensure the reproducibility of results.

3. Results

3.1 Composition and microstructure

In our previous work [22], the phase composition and microstructure of the PEO
coatings prepared from the two different electrolytes have been investigated
systematically. X-ray diffraction (XRD) analyses indicated that the PEO coating
produced in alkaline phosphate electrolyte was mainly composed of MgO.
The PEO coating that was prepared in acidic fluozirconate electrolyte consisted
mostly of tetragonal ZrO, (t-ZrO,) and monoclinic ZrO, (m-ZrO,) phases along
with MgF, and a very little of MgO. According to the main phase composition of
coated specimens identified in XRD, the PEO coatings prepared from alkaline
phosphate and acidic fluozirconate are addressed as “MgO coating” and “ZrO,
coating”, respectively, in the following discussions.

The surface and cross-section morphologies revealed that the surface of the
ZrO, coating was very rough (R, = 3.6 £ 0.6 um) and there existed many large
irregular-shaped pores and micro-cracks. The thickness of the ZrO, coating
was around 40 + 8 ym. The MgO coating was relatively smooth with a
roughness value of R, = 2.2 £ 0.2 ym and the micropores appeared to be
sealed or partially-sealed internally. The major part of the MgO coating in
cross-section was compact with a thickness of 28 + 5 um. Overall, from the
point of view of the microstructural characteristics of these PEO coatings, it was
concluded that the ZrO, coating has a higher pore density while the MgO
coating was relatively compact.

3.2 Evaluation of corrosion deterioration by EIS

Electrochemical impedance spectroscopy (EIS) is a powerful technique to study
corrosion behaviour of metals or coated metals [23-25]. In this study, EIS tests
was employed to investigate the deterioration process of the PEO coated
samples in 0.1 M NaCl solution at different pH, i.e. 3, 7 and 11. Figure 1
presents the EIS behavior (Nyquist plots) of MgO and ZrO, coated magnesium
alloy exposed to 0.1 M NaCl solution of pH 3. At the initial stages of the test, viz.,
after 0.5 h immersion, the MgO specimen exhibited larger capacitive loops,
indicating that it provided an effective corrosion protection even in this
aggressive acidic solution. However, the dimension of capacitive loop shrank
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remarkably after 2 h of exposure, suggesting the rapid degradation of the
coating. With the prolonged immersion beyond 2 h, it can be seen from the inset
in Figure 1a that the dimension of capacitive loops shrank further to very low
levels. The drop in the order of magnitude of corrosion resistance after 5 h of
exposure was less significant, and it can be observed that beyond 5 h of
exposure most of the MgO coating disappeared and magnesium alloy substrate
got exposed to the NaCl solution. On the other hand, the ZrO, coated specimen
exhibited smaller dimension of capacitive loops in comparison with the MgO
specimen at the initial 0.5 h immersion as can be seen in Figure 1b, which
means that it has a lower corrosion resistance. After 2 h of exposure the
resistance dropped to a lower value. The resistance dropped further after 5 h of
exposure, and remained nearly the same after 10 h, as well. In the cases of
exposures of 25 h and 50 h, inductive loops were registered in the Nyquist plots
(inset in Figure 1b).

In the NaCl solution of pH 7, the dimension of capacitive loop of the MgO
coating was as large as those in pH 3 NaCl solution at the initial 0.5 h
immersion test (Figure 2a). The deterioration of the coating was evident in the
test after 2 h of exposure. The corrosion resistance of the coating was more or
less the same after 5 h and 10 h of exposures, and with further increase in
exposure time the resistance values dropped drastically. Inductive loops were
evidenced in the 25 h and 50 h EIS tests, suggesting the possibility of a
localized damage to the coating. In the case of the ZrO, coating, quite
differently from the obvious shrinking of capacitive loops in acidic solution, the
Nyquist plots underwent only a irregular dimensional variation in a small extent
with increasing immersion time as shown in Figure 2b. No inductive loops were
observed in the Nyquist plots for this coating even in the specimen tested after
50 h of immersion, suggesting the absence of any localized damage.

When the pH of NaCl solution was increased to 11, a totally different corrosion
behaviour was observed for the MgO coating (Figure 3a). With increasing
immersion time up to 10h, there was a marginal shrinking for the dimension of
capacitive loops. It was also noted that the dimension of capacitive loops even
expanded after 25 h immersion. The ZrO; coating also exhibited relatively
larger dimension of capacitive loops in NaCl solution at pH 11 compared to
those in acidic and neutral solution and the Nyquist plots showed resistance
values of 30 — 40 kQ.cm? for entire immersion process up to 50 h as is seen in
Figure 3b.

The impedance data at low frequency (for example, 0.1 Hz), can be considered
as an indication of the corrosion resistance (R) of the sample, i.e. R is
approximate equal to |Z|o0.1 vz [24,26]. In this way, the corrosion resistance
values of the samples were determined from the magnitude of the impedance
data at 0.1 Hz, as a function of immersion time and are presented in Figure 4
(with 10% experimental error). It can be seen that the resistance of the MgO
coating is very high (ca. 250 kQ-cm2) at initial 0.5 h of immersion in acidic NaCl
solution as can be seen in Figure 4a. However, the corrosion resistance
decreased rapidly with immersion time and it was below 1.0 kQ-cm? after 5 h
immersion, which was very close to the resistance of the bare magnesium alloy
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in this environment, suggesting that there was no corrosion protection from the
coating any more. Nearly the same corrosion resistance was registered for the
MgO coating in neutral (pH 7) NaCl solution to that observed in acidic NaCl
solution after initial 0.5 h of immersion (Figure 4a). Similarly, the corrosion
resistances also decreased with immersion time, but the decrease rate of
corrosion resistance was slower than that in pH 3 solution, suggesting a milder
deterioration of the MgO coating in this neutral environment. In alkaline NaCl
solution of pH 11, a significantly higher corrosion resistance (ca. 1,000 kQ-cm?)
compared to those in acidic and neutral solutions was registered for the MgO
coated specimen tested after 0.5 h of exposure. With increasing immersion time,
the corrosion resistance decreased from ca. 1,000 kQ-cm? at 0.5 h to ca. 425
kQ-cm? at 10 h, and after 25 h, the resistance increased slightly and registered
a stabilized value of ca. 600 kQ-cm? in the tests performed after 25 h and 50 h
of immersion.

Figure 4b shows the variation in the corrosion resistance of the ZrO, coated
magnesium alloy with immersion time in NaCl solutions of different pH levels. It
is clear that the corrosion resistance of ZrO, coated sample dropped rapidly in
acidic NaCl solution between 0.5 h and 5 h of immersion, while the resistance
was slightly higher than that of MgO coated sample after 5 h of immersion (ca.
2.7 kQ-cm?). After 5 h, the resistance continued to decrease with immersion
time and reached a value of ca. 1.5 kQ-cm? at the end of immersion tests (50 h),
which is reflective of the continuous deterioration of sample. However, the
resistance at 50 h was not as low as that of bare magnesium alloy sample in
this condition, indicating that the coating did not fail completely. In neutral NaCl
solution, the deterioration of ZrO, coated specimen was totally different from
that of MgO coated sample. It can be seen from Figure 4b that there was no
obvious decrease in the corrosion resistance with immersion time and the
resistances remained in the range from 10 kQ-cm? to 20 kQ-cm? This
suggested that this coating was relatively stable during the whole 50 h
immersion process. It should also be noted that the resistance of the ZrO,
coating at 0.5 h in this condition was not equal or higher than that in pH 3
solution, but was having a little lower value. It is believed that this abnormal
variation is due to the complicated surface and cross-section structure of the
ZrO, coating as discussed in our previous work [22], and the exact reason for
this phenomenon could not be explained at this juncture. In alkaline NaCl
solution (pH 11), the resistance values increased to some extent compared to
those in acidic and neutral solutions, similar to that observed for the MgO
coating, The resistances did not decrease with increasing immersion time,
which varied within 30 — 40 kQ-cm? during the 50 h immersion process. It is
evident that the corrosion resistance values of the ZrO, coating after 0.5 h of
immersion in all the three corrosive environments were much lower than those
observed for the MgO coating, and this is attributed to the higher pore density
and pore-morphology.

3.3 Corrosion morphologies
The examination of the corroded surfaces after immersion tests revealed the
differences in the extent of deterioration of the MgO and ZrO, coatings in 0.1 M
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NaCl solutions of different pH levels. Figure 5 presents the macroscopic
appearance of the PEO coated specimens after 50 h of EIS testing in different
electrolytes. Figure 6 shows the specific SEM micrographs of corroded area
corresponding to the specimens/regions labeled in Figure 5. For comparison,
the SEM surface morphologies of PEO coatings before the corrosion tests (in
the as-coated condition) are also presented in Figure 6. It can be seen from
Figure 5 that the MgO coating in exposed area was completely damaged,
exposing the bright metal surface. The SEM micrographs in Figures 6a and b
reveal that the EIS tested region has a network-like structure with plenty of
mud-cracks. In the ZrO, coated specimen, the coating was found to have been
damaged (flaked-off) in a few regions after 50 h immersion process in pH 3
solution. The SEM micrograph in Figure 6¢ showed that these larger damaged
areas were recessed and had corrosion products in it. For other areas out of the
localized corrosion damage, however, it seemed that only slight degradation
had occurred on the surface (Figure 6d). It is pertinent to point out that the 25 h
and 50 h EIS tested ZrO, coated specimens showed an inductive loop, which is
suggestive of the localized damage, and the SEM micrograph discussed above
corroborated the EIS results. On the other hand for the MgO coated specimen
no inductive loop was observed in acidic solution and these specimens were
found to undergo a uniform dissolution as affirmed by optical/SEM
examinations.

In the MgO coated specimen EIS tested in neutral NaCl solution a localized
corrosion was observed on the surface after 50 h immersion process. The SEM
micrograph depicted in Figure 6e shows that the coating was damaged
severely in a localized region and formed bumped corrosion products in it.
However, the morphology in other regions of exposed area only changed a little
compared to that observed before exposure to the NaCl solution as presented
in Figure 6f. Even though a large part of the tested region seems to be
unaffected macroscopically, the closer examination in SEM revealed that the
there was a slight degradation in these regions and the damage was confined
primarily on the micropores. However, in the case of ZrO, coated specimen, no
localized corrosion damage was observed on the surface even after 50 h of
immersion in NaCl solution of pH 7 (Figure 6g), which is consistent with the EIS
observation. Higher magnification SEM micrograph shown in Figure 6h also
revealed that the surface microstructure did not undergo any major changes
compared to that the surface in the as coated condition. With the pH of NaCl
solution increasing further to 11, it was found that there was no corrosion
damage on the MgO coating surface after 50 h of exposure/EIS testing. SEM
micrographs (Figure 6i and j) show that the surface microstructure in the
exposed area had a little change compared to the original surface. For the ZrO,
coated specimen, there was again no observable damage in the alkaline NaCl
solution after 50 h of exposure/EIS testing (Figures 6k and I).

4. Discussion

From the electrochemical corrosion results and the characteristics of corroded
surface, it can be found that the deterioration process of PEO coated
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magnesium alloy was significantly influenced by pH value of NaCl solution and
is also related strongly to the characteristics of PEO coatings.

For the MgO coated samples, the mechanism of deterioration in solutions of
different pH levels can be deduced as follows: The main composition of the
PEO coating, MgO, is a typical alkaline-earth oxide. In the acidic solution, MgO
is easily dissolved by following reaction:

MgO + 2H" > Mg®* + H,O (1)

When the immersion time was short (0.5 h), the high corrosion resistance
registered in EIS measurements in pH 3 NaCl solution for the MgO coating
because of its relatively low defect density in the as-coated condition. With
prolonged exposure, the chemical dissolution of MgO resulted in the
degradation of the ceramic coating. According to Figure 1a and Figure 4a, the
coating lost its protection to substrate within 5 h immersion and magnesium
alloy substrate was then exposed directly to corrosive environment. In the PEO
processed magnesium substrates one would expect a thin conversion film at
the bottom of the pores, to be precise, at the PEO coating-magnesium
substrate interface. This thin film did not offer any resistance in the acidic
environment and hence the AMS50 substrate comes directly in contact with the
corrosive media and undergoes active dissolution. The extensive corrosion
damage on the AM50 substrate on account of the above mechanism is evident
in Figure 6b.

In the neutral NaCl solution, the chemical dissolution of MgO in the PEO
coating was less due to the very low H* concentration. However, as could be
seen in Figure 2a and Figure 4a, the PEO coating still suffered a quick
deterioration, showing a significant drop in corrosion resistance in the EIS tests
between 0.5 h and 5 h of immersion, even though the deterioration was
relatively moderate than that in the acidic solution. It is speculated that the
deterioration of corrosion resistance of the MgO coating at short times (to less
than 5 h) may be the result of the hydrated degradation of MgO in the coating,
because MgO readily reacts with water to form thermodynamically more stable
Mg(OH), in aqueous solutions [24]. The hydration processes of MgO seem to
have occurred preferentially in the micropores of the coating, due to its more
porous structure and higher effective surface area [24]. With the hydration of
MgO, the micropores were found to be filled with the corrosion products viz.,
Mg(OH),. However, these hydrated products are not dense and quite porous as
well, and hence would not be expected to serve as a protective barrier to
corrosion attack of the underlying magnesium substrate. Therefore, the
corrosion resistance of the PEO coating deteriorated quickly with the hydration
of MgO in the coating. On the other hand, with prolonged immersion time (say
between 5 h and 10 h), more and more Mg(OH), was newly formed inside the
micropores from hydrated MgO. Because the molar volume of Mg(OH), is
larger than that of MgO, much more newly formed Mg(OH), inside the
micropores could also result in a partial blocking of the micropores, hence
retarding the further deterioration of corrosion resistance of PEO coating during
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5-10 h immersion period. However, the Mg(OH), cannot be stable in a aqueous
solution with a pH lower than 10.5 [15]. Therefore, with increase in further
immersion time (beyond 10 h of immersion), more amounts of fresh corrosive
electrolyte permeated into the PEO coating made the formed Mg(OH), to
degrade gradually and the corrosion resistance of PEO coating then
deteriorated further. Because of the fact of non-uniform structure of PEO
coating in its cross-section, in the long term exposure to the electrolyte a few of
the defects were converted into through-going defects in the PEO coating.
Further, these defective sites expose the underneath conversion/passive film at
the interface to the electrolyte. Due to prolonged exposure, the corrosive
environment induced a localized damage at this interface, thus exposing the
surface of the AM50 alloy substrate. This was reflected by the existence of
inductive loops in Nyquist plots at 25 and 50 h immersion shown in Figure 2a.
Owing to the more confined localized corrosion attack at the defective sites, the
corrosion damage in the rest of the exposed area was retarded. In this way,
after 50 h immersion process, a severe localized damage eventually appeared
on the sample surface (Figure 6e) and the other adjoining regions underwent
only a slight degradation (Figure 6f).

When the MgO PEO coated specimen was immersed into the alkaline NaCl
solution of pH 11, the corrosion deterioration was only marginal between 0.5 h
and 10 h of immersion, as could be seen from the EIS plots in Figure 3a. It is
believed that this was resulted mainly from the unavoidable hydration of MgO in
the coating. The longer immersion process (beyond 25 h of immersion),
however, did not cause any further deterioration. Instead, higher corrosion
resistance values were observed. The possible reason for this trend is that
much more newly formed Mg(OH), from hydrated MgO inside the micropores
served as protective barrier to chloride, because Mg(OH), is stable in aqueous
solution with pH higher than 10.5. Further, the conversion film at the interface
was also expected to be stable and not affected at this pH levels. The higher
magnification micrographs of the corroded surface after 50 h of immersion/EIS
testing showed that the micropores were covered with plenty of nano-size
filament-like particles (Figures 7a and b), which was referred to as the formed
Mg(OH),, and this confirmed aforementioned explanation.

In the case of ZrO, coated specimen, the existing larger density of pores and
defects on the cross-section of coating, facilitated the penetration of corrosive
solution to the PEO coating-substrate interface as soon as the specimen was
exposed to the NaCl solution. The excessively larger pore volume was
responsible for the lower corrosion resistance values observed for the ZrO,
coated specimens than those of the MgO coated specimens at the initial
immersion (0.5 h) in all the three corrosive environments. However, the
deterioration behaviour of the ZrO, coated specimens were different with
prolonged exposure in these three different environments.

In the highly acidic solution of pH 3, unlike the MgO coated specimen which
suffered a severe chemical dissolution in exposed area, the ZrO, coating
flaked-off in a few regions as can be seen in Figure 5. It should be pointed out

Page 8



that the morphology of these flaked-off regions were different from the localized
corrosion damaged regions on the MgO coating in pH 7 NaCl solution. The
conversion coatings based on rare earth salt solutions is well known, and the
thin films formed are expected to provide good corrosion resistance to
magnesium alloys. However, the zirconate based conversion film at the
interface was not stable in this acidic electrolyte, and was found to have been
damaged at localized regions. Thus, the magnesium substrate underneath the
coating was exposed to the electrolyte. Blawert et al. [21] suggested that the
flake-off of larger coating areas in acidic solutions was caused possibly by
hydrogen gas evolution and the formation of corrosion products after the acidic
solution reaches the interface between the coating and the magnesium alloy
substrate, because the quick increase of pressure and/or volume in the limited
space of the pores caused high stresses. It was also believed that the higher
pore density of the coating and higher amount of second phase may have a
strong influence on the tendency for flaking. As a consequence, the ZrO,
coating, which had a higher pore density and higher amounts of second phase,
was found to be vulnerable to this form of damage. The inductive loops
observed in the EIS tests performed after 25 h and 50 h exposure (Figure 1b)
corroborate the macro/microstructural observations.

In the NaCl solution of pH 7, there was no pronounced corrosion damage on the
surface of the ZrO, coated specimen (Figure 5) after 50 h of immersion/EIS
testing and at the same time, the corrosion resistance kept nearly the same
throughout the test period as can be seen from Figure 4b. Furthermore, higher
magnification SEM micrograph (Figure 6h) revealed that the coating surface did
not undergo any discernible corrosion degradation. It is thus evident in this case
that the conversion film at the interface was very stable and could resist the
corrosion damage. These results indicated that the ZrO, coating could survive
much longer time (more than 50 h of immersion) than the MgO coating in
neutral NaCl solution without any signs of degradation. The reason that there
had been no pronounced corrosion degradation for the ZrO, coating in this
neutral chloride solution is attributed to the fact that the ZrO, coating was
obtained by PEO processing in an acidic electrolyte of pH 4.5, and thus the
PEO coating and the conversion film at the bottom on the pores formed at this
pH level could easily remain stable at higher pH values. Further, the phase
compositions viz., ZrO, and MgF, are reported to have a higher chemical
stability in neutral environments [22]. As a result, the ZrO, coating kept its
integrity very well and the corrosion resistance remained nearly the same
during the entire test immersion/EIS test duration.

In alkaline NaCl solution of pH 11, the ZrO, coated specimen exhibited a higher
corrosion resistance and a more stable behaviour than those in the acidic and
neutral solutions (Figure 4b). No obvious damage and coating degradation
were observed even after the 50 h immersion/EIS immersion test (Figure 5 and
Figures 6k,l). However, when the tested surface was examined at a much
higher magnification, it was found to be covered with plenty of imperceptible
particles (Figures 8a, b). These were not observed on the corroded surface
of specimens immersed/EIS tested in NaCl solutions of pH 3 and 7. Obviously,
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these particles are also different from those filament-like particles on the MgO
coating surface at pH 11 in shape and size. The formation of corrosion products
due to the reaction of magnesium substrate underneath the PEO coating, and
the consequent transfer of electrolyte-corrosion products has led to the
deposition of these fine particles on the surface. One would expect the
formation of similar corrosion products in neutral environment, too. However,
the formation and distribution fine-corrosion products were not noticed in the
earlier case, as they would have possibly been dissolved in neutral electrolyte.

5. Conclusions

1. In acidic NaCl solution (pH 3), both the MgO and ZrO, coatings could not
provide sufficient corrosion protection to magnesium alloy substrate in
longer exposures.

2. The degradation mechanisms of MgO and ZrO, coatings in acidic solutions
were different. Whilst the MgO coating suffered from severe uniform
corrosion damage owing to the rapid dissolution of the unstable MgO phase,
the other coating experienced a highly localized damage as a result of
flaking-off of the ZrO, coating.

3. In the neutral chloride environment, the corrosion resistance of the MgO
coating deteriorated with prolonged immersion time and the failure after 50 h
was demonstrated by the localized corrosion damage. The ZrO, coating,
however, could survive much longer time in NaCl solution of pH 7 and no
corrosion damage of PEO coating was observed. The corrosion resistance
of the coating remained nearly the same throughout the 50 h immersion/EIS
tests, which is attributed to the stable phase composition of the coating.

4. In alkaline chloride solution of pH 11, the MgO coating provided a much
superior corrosion protection to magnesium alloy substrate. Similarly, a
more stable corrosion resistance of the ZrO, coating than that in neutral
solution was observed in alkaline NaCl solution.
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Figure 1 Electrochemical impedance behaviour (Nyquist plots) of (a) MgO & (b) ZrO,
coated AM50 magnesium alloy in 0.1 M NaCl solution of pH 3 (after different
durations of exposure).
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Figure 2 Electrochemical impedance behaviour (Nyquist plots) of (a) MgO & (b) ZrO,
coated AM50 magnesium alloy in 0.1 M NaCl solution of pH 7 (after different
durations of exposure).
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Figure 3 Electrochemical impedance behaviour (Nyquist plots) of (a) MgO & (b) ZrO,
coated AM50 magnesium alloy in 0.1 M NaCl solution of pH 11 (after different
durations of exposure).
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Figure 4 Corrosion resistance as a function of immersion time of (a) MgO & (b) ZrO,
coated AM50 magnesium alloy in 0.1 M NacCl solution of different pH levels.
Dashed lines in the figures show the impedance data of uncoated
magnesium alloy in 0.1 M NaCl solution at pH 3 after 0.5 h exposure.
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Figure 5 Macroscopic morphologies of corroded surfaces after 50h exposure/EIS
testing in 0.1 M NaCl solutions of different pH levels. Dashed circles in the
figures show the exposed area (0.5 cm?) during the EIS test. Pane and letter
labels correspond to the SEM micrographs in Figure 6.
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Figure 6 SEM micrographs of corroded surfaces after 50h immersion/EIS testing in

0.1 M NaCl solutions of different pH levels.
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T —
Figure 7 Higher magnification SEM micrographs of corroded surface of MgO coated

AM50 magnesium alloy after 50h of exposure/EIS testing in 0.1M NaCl solution
of pH 11: (a) x 3,000; (b) x 10,000 of framed region in (a).

Flgure 8 Higher magnlflcatlon SEM micrographs of corroded surface of ZrOz coated

AM50 magnesium alloy after 50h of exposure/EIS testing in 0.1M NaCl solution
of pH 11: (a) x 3,000; (b) x 10,000 of framed region in (a).
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