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Abstract 

The localized corrosion behavior of AZ31B magnesium alloy 
sheet was studied in 0.01 M aqueous NaCl solution using the 
scanning vibrating electrode technique (SVET). Ongoing 
investigations by the authors have shown significant variation in 
corrosion mode and relative corrosion resistance depending on the 
alloy's surface condition. Comparisons were made between the 
observed behavior of the as-received, acid-cleaned and 
mechanically-polished surfaces. The SVET work was conducted 
to elucidate variations in the local electrochemical behavior for 
each surface condition. SVET maps were coupled with images of 
the corroding surfaces in order to show the progression of 
corrosion as a function of time. Schematic corrosion process 
models are proposed in order to explain the observed differences 
between the three surface conditions. 

Introduction 

Magnesium (Mg) alloys have received interest in the automotive 
industry due to their relatively low weight and favorable strength
to-weight ratio. However, they also have a high reactivity and are, 
therefore, very susceptible to corrosion when compared to steels 
and aluminum alloys. This has been a major factor in preventing 
their widespread adoption into exposed automotive components 
[I]. 

The localized corrosion mechanism of magnesium and its alloys 
continues to be a subject of debate in the scientific literature. 
Localized corrosion of Mg is often identified as pitting [1,2], but 
fundamentally different corrosion modes have also been reported. 
A number of studies over the past 25 years have shown a filiform 
or thread-like type of corrosion behavior in uncoated Mg [3, 4, 5] 
and Mg-aluminum (Al) alloys [6, 7]. 

Williams et al. [5, 7] have used SVET measurements to study 
filiform-like corrosion on mechanically-polished pure Mg and Mg 
alloy AZ3 l. They proposed that this behavior is driven by 
cathodic activation of the already-corroded areas of the surface, 
which caused the anodic dissolution to spread laterally across the 
surface instead of pitting deep into the metal. The cathodic 
activation in pure Mg was thought to be due to an enrichment of 
iron (Fe) in the reacted corrosion film, whereas the cathodic 
activation of AZ3 l was thought to be from an enrichment of 
manganese (Mn)-Al phases. 

In this work the localized corrosion behavior of AZ31B Mg alloy 
sheet taken from an automobile shock tower sub-assembly demo 
structure was studied. The demo structure was fabricated under 
the Mg Front End Research and Development (MFERD) project 
[8, 9]. Using a commercially available scanning electrochemical 
workstation, SVET measurements were completed to determine 
how the local electrochemical behavior of the alloy is influenced 
by its surface condition. 
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Experimental Procedures 

The AZ31B sheet was sectioned into 1 cm x 1 cm square samples 
and each was cold-mounted in epoxy in order to leave only the 
plan view surface exposed. Fast-curing epoxy was applied around 
the edges of the exposed surface to prevent crevice corrosion from 
occurring at the metal/epoxy interface. All samples were 
immersed in 0.01 M aqueous NaCl solutions at a neutral pH for 
24 h. Three different surface conditions of the alloy were tested 
and are listed in Tab 1 e L 

Table I Tested surface conditions of AZ31B sheet 
Test Surface Condition 

1 As-received, ultrasonically cleaned in ethanol 
Acid-cleaned by immersion of the as-received surface in 

2 10% H2 S04 for 20 seconds, rinsed in DI water and 
ultrasonically cleaned in ethanol 

3 Polished to 1200 grit SiC paper with ethanol lubricant 

During immersion, local current density values were calculated 
from the SVET measurements taken as vectors normal to the 
exposed plan view surface. The SVET involves vibrating a 
platinum (Pt) electrode tip and measuring the voltage difference 
between the two extremes of the tip's position. Then, knowing the 
conductivity of the solution and the amplitude of the tip's 
vibration, current density can be calculated in the direction of 
vibration using a modified form of Ohm's law [IO]. Alternatively, 
a calibration relating the measured voltage difference and current 
density in a given solution can be performed by taking vibrating 
electrode measurements of a series of known applied current 
densities [ 11]. A detailed explanation of the SVET is available 
elsewhere [ 1 O]. 

SVET measurements were performed using a Princeton Applied 
Research Model 370 Scanning Electrochemical Workstation. A 
photograph of the electrode setup is shown in Figure I. Voltages 
were measured between the scanning Pt tip and a graphite 
auxiliary electrode. The diameter of the Pt tip was specified by the 
manufacturer to be in the range of 5 to 50 µm. SVET scans were 
completed on a 6 mm x 6 mm area of the sample every 1800 s (30 
min.) throughout the duration of each test. The probe outputs were 
measured using a series of sweeping line scans across the scan 
area with a speed of 200 µm/s and one data point collected every 
150 µm. The probe was vibrated in the vertical direction with an 
amplitude of 30 µm and a frequency of 80 Hz. The gain of the 
electrometer was set to 104, and the full scale sensitivity of the 
amplifier was set between 160 µ V and 800 µ V, depending on the 
intensity of the voltage signal for each test. 

For each full scale sensitivity setting, a calibration test similar to 
the one outlined by Williams et al. [11] was completed. The 
vibrating probe was first placed inside a tube with a known inner 
area. Using a polished gold (Au) working electrode, a series of set 



currents were passed through the tube and the vibrating probe 
output measured for each current. Plots of the probe output verses 
the set current density were constructed and showed a close linear 
relationship (the minimum R2 value was 0.998). An equation 
relating the two variables was fit to the data in each case and used 
to convert the local probe outputs from each corrosion test into 
local current densities. 

Figure 1. Electrode setup used for SVET measurements. 

In order to relate the electrochemical activity with the visual 
appearance of the localized corrosion, the exposed surfaces were 
also monitored with a video camera positioned above the cell. 

Results 

Each surface condition of AZ31B displayed some form of 
localized corrosion. In two cases there was a delay between the 
time of immersion and the initiation of localized corrosion; these 
times are shown in Table II to the nearest half hour. 

Table II. Time after immersion until localized corrosion initiation 
Test Time until localized corrosion initiation 

1 As-received Immediate 
2 Acid-cleaned 3h 
3 Polished 12.5 h 

A series of SVET maps alongside images of the 6 mm x 6 mm 
scan area for each of the 24-h corrosion tests are presented in 
Figures 2 through 4. It was not feasible to present every SVET 
map and image; therefore, those shown were selected to provide a 
summary of the electrochemical processes and appearance of the 
sample surfaces evolved as a function of time. 

The corrosion reaction of Mg is comprised of the following 
anodic and cathodic half reactions [2]: 

Mg 7 Mg2+ + 2e-
2H20 + 2e- 7 H 2 + 20ff 

(1) 
(2) 

Reaction ( 1) causes a positive ionic tlow of current (highlighted 
on the SVET maps in red) while reaction (2) causes a negative 
ionic tlow of current (highlighted on the maps in blue). 

As-received AZ31B surface 

Numerous hydrogen bubbles were formed on the as-received 
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Figure 2. SVET maps and scan area images of the as-received 
AZ31B surface at various times after immersion in 0.01 M NaCl. 

surface immediately after immersion in 0.01 M NaCl. Dark 
corroded threads also rapidly formed in the upper right portion of 
the scan area (Figure 2a). The SVET scans revealed intense 



anodic and cathodic coupling across the surface. In the early 
stages of the test, anodic currents were detected on the corroded 
areas of the sample and cathodic currents were detected on un
corroded areas (Figure 2a-c). The un-corroded areas produced a 
relatively constant cathodic current density with an average 
magnitude of -0.7 A/m2• Thus, as the surface became increasingly 
covered by corrosion products, charge neutrality on the surface 
was maintained by decreasing peak anodic current density 
magnitudes within the corroded regions. The peak anodic current 
density was 2.2 A/m2 after 0.5 h of immersion and slowly 
decreased to a relatively constant value of 1.0 A/m2 after the 
surface was completely covered by corrosion products (after 18 
h). The rate at which corrosion products spread across the surface 
decreased as a function of time, presumably because of 
diminishing anodic currents. 

It is interesting to note that predominantly anodic currents were 
produced above the dark corroded regions of the as-received 
AZ3 IB surface. By contrast, Williams et al. [5, 7, 8] observed 
predominantly cathodic currents within the corroded regions 
while anodic currents were only observed at the propagating 
corrosion front. Anodic currents indicate that Mg is dissolving as 
Mg2+ ions in the corroded areas. This would suggest that 
corrosion was occurring in a downward direction instead of 
primarily laterally, the latter of which has been reported for 
polished surfaces [5, 7, 8]. 

Using X-ray photoelectron spectroscopy, it was found that the as
received AZ31 B surface used in this work contained heavy metal 
impurities in the native oxide film, including Fe and Cu [12]. As
received AZ31 sheet surfaces are often found to be contaminated 
with elements such as Cu, Fe and Ni, the latter two arising from 
the sheet rolling process [13, 14]. Heavy metal particles are well 
known to act as local cathodes with respect to Mg. It is proposed 
here that such heavy metal contamination was responsible for the 
intense microgalvanic activity detected by the SVET 
measurements on the as-received surface. 

Acid-cleaned AZ31 B Surface 

The acid-cleaned surface did not display any cathodic currents of 
the magnitude observed for the as-received surface in 0.01 M 
NaCl. It was, therefore, likely that the acid-cleaning procedure of 
immersion in 10% H2 S04 for 20 seconds succeeded in removing 
the Fe and Cu particles from the as-received surface. 

After immersion in the O.OlM NaCl solution, small bubbles 
quickly developed across the surface of the sample. Williams et 
al. [7] observed small SVET-detected cathodic currents above the 
initially-formed bubbles on polished AZ3 l in -0.9 M NaCl. It was 
proposed that noble Al-Mn-(Fe) intermetallic particles were 
present at the surface of these sites and acted as catalysts for 
reaction (2). However, the SVET maps after initial immersion in 
this work (not shown) did not display any local anodic or cathodic 
areas, possibly due to limits of the instrument's sensitivity. 

After 3 h, intense hydrogen evolution was observed near the 
centre of the scan area (Figure 3a). This was accompanied by a 
local peak in anodic current density of 1.3 A/m2 from the same 
area. Filiform-like corrosion then proceeded from several points 
on the sample in a manner similar to what has been reported in the 
literature [3-7, 11]. (Figure 3b-e). Hydrogen evolution and a local 
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Figure 3. SVET maps and scan area images of the acid-cleaned 
AZ31B surface at various times after immersion in 0.01 M NaCl. 

anodic current density peak were both always observed to occur at 
the head of a moving filament. This is consistent with the visual 
observations and SVET measurements of a corroding polished 



AZ31 alloy reported by Williams et al. [7], although their study 
detected much higher anodic current density magnitudes (-100 
Alm2). However, Williams et al. [7] used a much more 
concentrated salt solution (-0.9 M NaCl) than in this study, which 
likely contributed to the large current density differences. 

Relatively small cathodic currents were detected over the dark 
corrosion tracks left behind after the filiform-like propagation 
(Figure 3c-e). In order to maintain the overall charge neutrality on 
the surface, the intensity of local anodic peaks occurring at the 
heads of active filaments steadily increased from an average of 
0.9 Alm2 for the first 5 h oflocalized corrosion to 1.4 Alm2 during 
the last 5 h of the test. This was again consistent with the previous 
report on an AZ3 l alloy in -0.9 M NaCl [7], where the authors 
showed that the rise in the surface-integrated cathodic current 
closely matched the rise of surface-integrated anodic current over 
time. 

Test 3 (Polished - 0.01 M NaCl) 

As was the case with the acid-cleaned surface. small bubbles 
quickly developed on the polished surface after immersion. Again, 
no localized anodic or cathodic currents were detected in the 
SVET maps (not shown) before the initiation of localized 
corrosion. 

Localized corrosion was initiated just outside the top-left area of 
the SVET scanned area after 12.5 h. A corrosion filament 
propagated from this location until it entered the scan area about 1 
h later (Figure 4a). The vibrating probe detected a local anodic 
current density of about 0.8 A/m2 at the head of the filament. 
Throughout the rest of the 24-h exposure, multiple filaments were 
initiated and propagated in the same manner as described for the 
acid-cleaned sample, matching both its electrochemical behavior 
and visual appearance (Figure 4b-e). 

The only differences between the behavior of the acid-cleaned and 
polished surfaces was that localized corrosion initiated in the acid
cleaned sample in less than a quarter of the time and propagated at 
a slightly lower rate. Both of these differences may be attributed 
to differences in the surface roughness achieved after each 
preparation procedure. Song et al. [13] reported the surface 
roughness (Ra) of an AZ3 l sample polished to 1200 grit SiC 
paper to be 0.07 µm, while that for an AZ3 l sample immersed in 
10% H2 S04 for 20 seconds was considerably greater at 2.50 µm. 
In the same study, the rate of hydrogen evolution in -0.9 M NaCl 
was lower on the acid-cleaned sample than the polished sample, 
which is consistent with the observations here. In another study 
Walter and Kann [ 15] reported that the pitting susceptibility of an 
AZ9 l alloy in 0.09 M NaCl increased with increasing surface 
roughness, which was also consistent with the present results. 
This finding was attributed to the fact that a smoother surface can 
form a more continuous protective film than a rough surface [15]. 
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Figure 4. SVET maps and scan area images of the polished 
AZ31B surface at various times after immersion in 0.01 M NaCl 
(note that localized corrosion initiated outside of the scan area). 



Discussion 

In this study the electrochemical behavior of a corroding as
received AZ31B surface was distinctly changed after it was acid
cleaned or mechanically polished. Schematic electrochemical 
surface profiles are presented in Figure 5 in order to demonstrate 
the major differences. The polished or acid-cleaned surfaces 
displayed identical behavior to that reported by Williams et al. [5, 
7, 11 ], where a strong anode at the corrosion front was coupled 
with a moderately cathodic reacted corrosion film which was left 
behind in the wake of the moving anode (Figure 5a). Conversely, 
the reacted corrosion film on the as-received surface stayed 
strongly anodic (although its current density decreased as its area 
increased), while the un-reacted surface film was strongly 
cathodic instead of neutral (Figure Sb). 

(a) 
Corrosion 

front 
(strongly 
anodic) 

Un-reacted 
surface film 

(neutral) 

Figure 5. Schematic electrochemical surface profiles of 
(a) corroding acid-cleaned or mechanically-polished AZ31 B 
surface (b) corroding as-received AZ31 B surface with heavy 

metal surface contaminants. 

It was determined that the acid-cleaning and mechanical polishing 
procedures both removed the Fe and Cu impurity particles 
originally present on the as-received surface. As shown in Table 
III, these two metals are strong cathodes with respect to Mg. It is, 
therefore, very likely that they were responsible for the local 
electrochemical differences that have been discussed. 

Table III. Typical corrosion potentials of selected metal phases 
[First five phases determined in deaerated 5% NaCl solution 

saturated with Mg(OHh (pH 10.5), testing solution for the last 
two phases not stated in the reference [I] 

Metal Phase Ecorr (V sCE) 
Mg -1.65 

Al6 Mn -1.52 
Al 4Mn -1.45 
Al 8Mn 5 -1.25 

Al 8Mn 5(Fe) -1.20 
Fe -0.50 
Cu -0.12 

A schematic model of the corrosion processes occurring for 
polished or acid-cleaned AZ3 IB surfaces is presented in Figure 6; 
note that this is the same mechanism that was described by 
Williams et al. [11]. At the start of localized corrosion, only the 
native or unreacted surface film is present on the surface (Figure 
6a). Al-Mn particles, which are commonly seen in AZ3 l 
microstructures, are suspected to lie beneath the surface of the 
unreacted film. As localized corrosion proceeds, a dark reacted 
corrosion film replaces the original surface film (Figure 6b ). Since 
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only Mg metal is expected to be dissolved, the reacted corrosion 
film becomes enriched with Al-Mn intermetallic particles which 
are moderately cathodic (approximately 0.1 to 0.4 V nobler) with 
respect to Mg (refer to Table IV). As a result, the reacted 
corrosion film becomes cathodic with respect to the unreacted 
surface film and the location of anodic reaction ( 1) shifts to the 
unreacted film, directly adjacent to the reacted film. This 
electrochemical mechanism results in a lateral corrosion front 
movement and, therefore, closely resembles filiform corrosion. 

Figure 6. Schematic model of the localized corrosion processes 
occurring on an acid-cleaned or polished AZ31B surface. 

A schematic model of the corrosion processes occurring for the 
as-received AZ31 B with heavy metal contamination on the 
surface is presented in Figure 7. Intense microgalvanic activity 
between reactions (I) and (2) occurs due to the presence of noble 
Fe and Cu particles on the surface of the un-corroded areas. 
(Figure 7a). As localized corrosion proceeds, it is again expected 
that the reacted corrosion film will become enriched with Al-Mn 
intermetallics from the alloy microstructure (Figure 7b). However, 
it can be seen in Table Ill that Fe and Cu have corrosion potentials 
approximately 1.1 to 1.5 V nobler than Mg, which also makes 
them strongly cathodic with respect to each of the listed Al-Mn 
phases. Thus, since the heavy metal particles are present in both 
the reacted and unreacted areas of the film, the enrichment of Al
Mn particles in the reacted film is expected to be negligible in this 
case. Anodic reaction (1) will therefore continue to occur from 
underneath the reacted corrosion film, coupling with cathodic 
reaction (2) occurring on the unreacted surface film. This 
electrochemical mechanism results in a downward and lateral 
corrosion movement, which may resemble a mixture of pitting 
and filiform behavior. 

(a) (b) 

Figure 7. Schematic model of the localized corrosion processes 
occurring on an as-received AZ31 B surface with heavy metal 

(HM) particle enrichment in the surface film. 



Conclusion 

The local electrochemical processes associated with filiform-like 
corrosion of Mg alloy AZ31B in 0.01 M NaCl solution were 
tracked using the scanning vibrating electrode technique (SVET). 
Changes in the electrochemical behavior occurred when altering 
the surface state of the alloy. SVET mapping of an as-received 
AZ31 B surface showed intense microgalvanic activity that caused 
corrosion to occur in a downward direction as well as laterally. 
This was attributed to an enrichment of Fe and Cu heavy metal 
particles in the native oxide film. Acid-cleaning in 10% H2 S04 

for 20 s and mechanical polishing of the as-received surface both 
appeared to successfully remove any strong cathodic 
contamination, since both of these surfaces displayed 
electrochemical activity that was more typical of filiform-like 
corrosion, as has been previously reported. 
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