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Electrochemical noise (EN) analysis was used to investigate the influence of the β phase on AZ91D alloy 

pit corrosion. The results revealed that the β phase was involved in AZ91D alloy pit corrosion in two 

ways: (1) during the pit initiation process, the β phase acted as a galvanic cathode. This β phase lowered 

the rate of nucleation but increased the transition ratio of nucleation to metastable pits. (2) After the 

formation of stable pits, the β phase was an anodic barrier that lowered the probability of pit growth, 

demonstrating that the pits formed on the AZ91D alloy at this point were less likely to become stable 

compared with T4 heat-treated AZ91D alloy. Therefore, pit cavities developed were larger than those 

on T4 heat-treated AZ91D alloy.  
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1. INTRODUCTION 

 

Magnesium (Mg) is a light metal that has been get more attention for engineering applications 

due to its high thermal conductivity, high specific rigidity, easy recycling, and good biocompatibility [1-

3]. Therefore, Mg and its alloy are highly desirable for use in aerospace and automotive applications [4, 

5]. However, Mg and its alloys also have poor corrosion resistance, which is because of the high chemical 

reactivity of Mg and its alloy in solution or in the presence of humidity [6, 7].  

Pit corrosion of Mg alloy is a major contributor to the structural failure of these alloys. Two 

processes lead to pit corrosion: the initiation and growth of the pits. Pit initiation is caused by random 

fluctuations in local environmental conditions, which leads to passive layer breakdown. When pit 
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nucleation happens, pits can immediately re-passivate or grow before re-passivating. This is referred to 

as metastable pitting. When metastable pits indefinitely grow, they become stable pits. 

Mg-Al alloys are some of the most commonly used Mg alloys due to their low cost and desirable 

properties at 95-120 °C. A common Mg-Al alloy is AZ91D alloy [8]. Typically, the aluminum in Mg-

Al alloys partially exists in solid solution and partly precipitates out of solution as a β phase (Mg17Al12). 

The β phase is present along the grain boundaries as a continuous phase. During the past decade, 

numerous studies [9-27] have reported that the β phase has a major role in AZ series alloy corrosion. 

Song and Atrens [9, 10] have reported that the β phase has dual roles: it acts as a galvanic cathode and 

enhances α matrix corrosion if the β phase is present in an excessively low volume fraction. When the β 

phase is present in higher volume fractions, it can inhibit overall alloy corrosion due to its anodic barrier 

properties. However, the roles that the β phase plays during AZ91D alloy pit corrosion are still not well-

understood, and a more systematic analysis of pit corrosion is desirable. For example, what is the role 

of the β phase on the nucleation of pits and the transition of these pits to metastable pits? When 

metastable pits are formed, how does the β phase affect their growth and whether or not they become 

stable? The answers to these questions are still not clear. 

Electrochemical noise (EN) analysis can be used to obtain fundamental knowledge about the 

nature of corrosion processes. Therefore, this electrochemical technique is an increasingly popular 

method for investigating Mg alloy corrosion processes [28-32]. A major benefit of this technology is its 

noninvasive nature- EN avoids artificial system disturbance. Moreover, EN analysis can be used to 

monitor corrosion rates and determine corrosion mechanisms [28-32]. EN also has some advantages 

compared to other electrochemical analysis methods: for example, EN can be used to monitor corrosion 

process rates in real-time [28-30]. EN can also be used to evaluate localized corrosion [30-32]. 

Therefore, EN is an extremely powerful method for investigating the mechanisms of pit corrosion. 

The roles of the β phase on AZ91D alloy pit corrosion were investigated in this work. The pit 

corrosion of AZ91D alloy was evaluated by EN and compared to the pit corrosion of a corresponding 

T4 heat-treated AZ91D alloy. 

 

 

2. EXPERIMENTAL SECTION  

2.1 Materials 

The alloy was AZ91D alloy in this research. The main elemental components of AZ91D alloy 

were: 8.5-9.5 % Al, 0.45-0.9 % Zn, 0.17-0.5 % Mn, < 0.05 % Si, < 0.004 % Fe, < 0.001 % Ni, < 0.015 

% Cu, and < 5 to 15 ppm Be. A T4 heat treatment process (homogenized heat treatment) was performed 

on the AZ91D alloy for 16 h at 410 °C, followed by immediate quenching in water. The AZ91D alloy 

after T4 heat treatment is called to as the T4 heat-treated AZ91D alloy. Before each experiment, the 

working surface of sample was wet ground to a 2000-grit finish. Then, acetone was used to degrease the 

polished alloys, and distilled water was used to rinse them after degreasing. The alloys were dried under 

a flow of compressed heated air. 

Most of the experiments were performed in 0.05 M NaCl. However, 0.05 M Na2SO4 was used to 

verify the current threshold values for the experiments. The pH value of solution used was 12. 
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2.2 Microstructural analysis 

Micrographs of the AZ91D and T4 heat-treated AZ91D alloys were obtained by a Philips-XL30 

scanning electron microscope (SEM).  

 

2.3 Electrochemical measurement 

An Autolab electrochemical workstation was used to conduct EN analysis in a Faraday cage. The 

workstation was equipped with an EN module. The working electrode was two identical specimens, and 

the reference electrode was a Ag/AgCl/KCl (saturated) electrode. When the galvanic coupling current 

between the two identical working electrodes (WE) was kept at the same potential, the electrochemical 

current noise was carried out. EN analysis was performed and data were collected for a period of 14 h. 

Each EN dataset contained 8192 data points, and the data sampling interval was 0.08 s. Each Mg alloy 

was analyzed with 168 time records. 

 

3. RESULTS 

3.1 Microstructure 

The AZ91D and T4 heat-treated AZ91D alloys microstructures are displayed in Fig. 1. 

Aluminum was present in the solid solution with the α phase as well as in the β phase in AZ91D alloy. 

This β phase was mainly precipitated along the α phase grain boundaries (Fig. 1a). After T4 treatment, 

the β phase dissolved in the α phase (Fig. 1b).  

 

 

  
 

Figure 1. SEM micrographs of the (a) AZ91D and (b) T4 heat-treated AZ91D alloys. 

 

3.2 EN records 

3.2.1 Transient of pit events 

The typical current noise fluctuations of the AZ91D and T4 heat-treated AZ91D alloys within an 

interval of 324.68 s are shown in Fig. 2. Many anodic current spikes were clearly distinguished from the 
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background current fluctuation. The current spikes represented nucleation or metastable pitting events. 

The current transients obtained from the AZ91D and T4 heat-treated AZ91D alloys were very similar. 
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Figure 2. Typical current noise fluctuations of the (a) AZ91D and (b) T4 heat-treated AZ91D alloys in 

0.05 M NaCl solution within an interval of 324.68 s. 

 

 

A nucleation event was indicated by a rapid increase in current from the background level 

followed by a relatively gentle (but still rapid) fall to the background current noise level, as shown in 

Fig. 3. Nucleation, which happens extremely quickly, occurs due to the rupture of an alloy oxide film, 

followed by re-passivation [33, 34]. 
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Figure 3. Current transient of Mg alloy in the nucleation process. 

 

 

Figs. 4 and 5 show the two types of identified metastable pit events. The current transient caused 

by metastable propagation (type 1) is shown in Fig. 4. A sharp initial surge in current was observed. 

Next, partial current decay occurred due to the attempted re-passivation of the nucleated pit. This was 

the pit nucleation event. However, re-passivation was not complete, leading to a noticeably more 

sluggish increase in current. This gentler increase in current represented metastable pit propagation: 
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during this period, the pit grew via high-rate anodic dissolution. This slow increase in current over time 

can only be attributed to propagation. Finally, after a short propagation period, the current rapidly 

decayed and the pit re-passivated. The current transient caused by metastable propagation (type 2) is 

shown in Fig. 5. Fig. 5 displays an anodic current transient with a rapid initial rise in value, followed by 

a short plateau in the current prior to re-passivation. Pit initiation caused this event. Next, a very short 

propagation period occurred across the current plateau before the event ended due to re-passivation. The 

constant current of the plateau demonstrated that the metal dissolved during this period. This was 

because the evolved anodic charge either formed a passivating oxide (causing current decay) or led to 

the dissolving of ions—no other process explains this current plateau. 
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Figure 4. Current transient of magnesium alloy caused by the propagation of a single metastable pit on 

magnesium alloy. 

 

212 216 220 224 228 232

4.8x10-6

4.9x10-6

4.9x10-6

5.0x10-6

5.0x10-6

5.1x10-6

 

 

C
u

rr
e

n
t 

n
o

is
e

 (
A

/c
m

2
)

Time (S)

nucleation metastable

 
Figure 5. Anodic current transient of magnesium alloy. 

 

3.2.2 Determination of background noise  

The method reported by G.T. Burstein was used to analyze the nucleation and metastable pit 

transients. In this method, the number of current spikes was counted as a function of spike amplitude 
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and time [33-42]. Moreover, the lower limit of threshold was the digital point-to-point instrumental 

resolution. When the threshold was increased, the number of spikes in current above that threshold 

rapidly decayed toward zero in the chloride-free electrolyte. A few current spikes with a low intensity 

were occasionally recorded in the chloride-free electrolyte. This was attributed to equipment interference 

or other laboratory activities. However, because the origin of these events was clear and they were very 

low in number, they were ignored.  

Using the chloride-containing electrolyte, the number of current spikes counted as a function of 

the threshold was initially the same as that obtained in the chloride-free electrolyte, as shown in Fig. 6. 

However, the decay became significantly more gradual as the threshold current increased. The low 

threshold counts also included background noise and was similar to the result in chloride-free electrolyte. 

The significant deviation between the two graphs indicated the position of the true threshold between 

the anodic current spikes and the background noise. In this work, the threshold between the background 

and anodic spikes was conservatively set to 5.5 nA; visual inspection of the data trains was performed 

to double-check this threshold. This analysis method rejected nucleation events with amplitudes below 

5.5 nA because these events were not unambiguously able to be distinguished from the background 

noise. 
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Figure 6. The threshold current of magnesium alloy immersed in the different solutions: (1) AZ91D 

alloy and (2) T4 heat-treated AZ91D alloys in 0.05 M Na2SO4; (3) AZ91D and (4) T4 heat-

treated AZ91D alloys in 0.05 M NaCl. 

 

 

Using this strategy to count the current spikes, the rising current transients that were more 

significantly sustained compared to simple nucleation spikes were identified to separately count the 

number of metastable pitting events. This was different from the counting method used for nucleation 

spikes, which simply involved determining that the difference between adjacent data points was greater 

than a set threshold. The nucleation spike count reported in this work includes the spikes that became 

metastable pits. The current spikes that terminated metastable growing pits (Figs. 4 and 5) were removed. 

However, the exclusion or inclusion of these spikes in the counting process did not significantly affect 
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these results because the number of total nucleation events was significantly higher than the number of 

metastable growing pits.  

 

 

4. DISCUSSION 

Generally, the rate of pit initiation (nucleation and metastable pits) and the probability of pit 

growth influence the susceptibility of an alloy to pitting corrosion. This probability determines how pits 

form and whether or not they become stable. If an alloy displays a higher rate of pit initiation, metastable 

pits will grow and spread across the alloy surface. If an alloy has a higher probability of pit growth, the 

pits formed on this alloy more easily turn into large cavities. Stable pits are formed when the metastable 

pit volumes exceed a certain value. The size and number of precipitates have an important influence on 

the metastable pits [43, 44]. 

 

4.1 Roles of β phase on nucleation and the transition to metastable pits  

The average nucleation frequency of the AZ91D and T4 heat-treated AZ91D alloys is shown in 

Fig. 7. The 14 hours of the experiment represented 1.376×106 data points, and this data were divided 

into 14 segments that each contained 98304 data points. Each segment represented a period of 1 h. The 

pit formation process was assumed to follow a Poisson relationship, in which the numbers of events that 

occurred during the 14 non-overlapping segments were random independent variables [45,46]. Data 

point regression was used with Eqs. (1) and (2) to calculate and summarize the initial frequency of events 

(λ0), the time constant (τ), and the total number of available events (N0), as shown in Table 1: 

)exp(0



t

                           (1) 

00 N                              (2) 

where λ is the nucleation rate. 
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Figure 7. Average nucleation event frequency vs. time for the AZ91D and T4 heat-treated AZ91D 

alloys. 
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The λ0 and N0 values of the AZ91D alloy were lower than those of the T4 heat-treated AZ91D 

alloy (Table 1). Therefore, the AZ91D alloy was less susceptible to pit nucleation than the T4 heat-

treated AZ91D alloy. The AZ91D alloy had a higher τ value than the T4 heat-treated AZ91D alloy, 

meaning that nucleation proceeded for a longer time on the AZ91D alloy. This demonstrated that the 

imitation of nucleation on the AZ91D alloy was more difficult and the AZ91D alloy exhibited a 

significant ability to resist pit nucleation. These results revealed that the presence of the β phase inhibited 

the nucleation rate.  

 

 

Table 1. The parameters obtained by data point regression. 

 

 AZ91D alloy T4 heat-treated AZ91D alloy 

λ (s-1cm-2) 0.750 1.153 

τ(s) 1.791 × 105 2.582 × 105 

N0 1.344 × 105 2.978 × 105 

 

 

The average metastable pit event frequencies in NaCl solution on the AZ91D and T4 heat-treated 

AZ91D alloys are shown in Fig. 8. The T4 heat-treated AZ91D alloy was the more active in terms of 

metastable pit formation, which was consistent with its pit nucleation behavior.  
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Figure 8. Average metastable event frequencies for the AZ91D and T4 heat-treated AZ91D alloys as a 

function of time. 
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Figure 9. Transition ratio of nucleation to metastable pits for the AZ91D and T4 heat-treated AZ91D 

alloys as a function of time. 

 

 

However, the transition ratio of nucleation to metastable pits should also be taken into 

consideration. The transition ratio was lower for the T4 heat-treated AZ91D alloy, indicating that the 

propagation of metastable pits was much more difficult on T4 heat-treated AZ91D alloy. This implied 

that the existence of the β phase led to a higher metastable pit propagation probability (Fig. 9). 

Pit nucleation is related to the impurity sites of alloys. Ralson et al. found the metastable pits are 

related to the number of precipitates [47]. Therefore, the total number of nucleations (N0) was related to 

the number of alloy surface impurities. However, the number of nucleations is only equal to the number 

of impurities available on the surface of alloy if there is a one-to-one ratio between the two-i.e., one 

impurity is removed by a single nucleation event. This might be possible for some impurities, especially 

if they are small. However, it is not likely that all impurities are removed in this manner. Instead, multiple 

nucleation might be generated on each individual impurity before the impurity site in question is 

removed (assuming no metastable pit formation). Therefore, it was assumed that the number of 

nucleation occurring on the surfaces of the alloys was higher than the real number of alloy surface 

impurity sites.  

It is well known that the free corrosion potentials of α phase and β phase are about -1.6 V and -

1.3 V in NaCl solution, respectively. The corrosion potential difference of α phase and β phase is 0.3 V 

[20, 21]. The α phase corrosion occurs because it has a more highly negative free corrosion potential. 

Thus, the corrosion rate of α phase can be enhanced by micro-galvanic coupling between α phase and β 

phase. 

After T4 heat treatment, the β phase was dissolved into the α phase, indicating the removal of the 

micro-galvanic effect. The similar results were also proved by Zhang et al [48]. Therefore, it was 

believed that the number of nucleation on the surface of the T4 heat-treated AZ91D alloy was higher 

than the real number of impurity sites. This led to a higher nucleation frequency on the surface of T4 

heat-treated AZ91D alloy. However, due to the micro-galvanic coupling effect between the α and β 

phases in the AZ91D alloy, the anodic dissolution rate of nucleation at impurity sites was significantly 

accelerated, which indicated that the re-passivation of nucleation was inhibited and that metastable pit 
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formation was propagated. Moreover, this also manifested that most of the impurities were exhausted 

by one nucleation instead of several nucleation. This explains why a lower nucleation frequency and 

higher nucleation to metastable pit transition ratio were observed in the AZ91D alloy compared with the 

T4 heat-treated AZ91D alloy. Zhang et al. also [48] found the heat-treated Mg alloy has lower nucleation 

rate. 

 

4.2 Pit growth probability: roles of the β phase 

The current transient versus time curves were integrated to obtain the amount of charge attributed 

to every current transient spike. These charges were caused by pit formation. Faraday’s equation (Eq. 3) 

was used to relate the charges to the physical pit volumes. This equation correlated the anodic current 

transient charge to the physical pit size [49]. It was assumed that the pits were hemispherically shaped, 

so the pit depth/radius were obtained with Eq. 4. 

V(cm3) =
q×M

F×n×ρ
                           (3) 

𝑑𝑝𝑖𝑡(𝜇𝑚) = (√
3𝑉(𝑐𝑚3)

2𝜋

3
) × 2 × 10000                   (4) 

where V is the pit cavity volume, q is the charge associated with a current transient, M is the 

molecular mass, F is the Faraday constant, ρ is the density, and dpit is the pit cavity diameter. The largest 

pit size observed in every EN segment was calculated, and these values were statistically analyzed in 

more detail.  
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Figure 10. Typical Gumbel probability plots for the AZ91D and T4 heat-treated AZ91D alloys. 

 

The growth of pits was modeled with a nonhomogeneous Markov process [50]. Recently, the 

Gumbel extreme value distribution has been used for modeling pit growth processes [51]. The Gumbel 

distribution of pit growth was used to describe the relationship between the reduced variant (Y) and the 

pit size (dpit). The Y values were calculated with Eq. (5): 

Y = −ln[−ln(1 −
i

N+1
)] =

1

α
dpit −

μ

α
                  (5) 
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where N is the total number of extreme value data, i is the ordered extreme value rank 

(i=1,2,3…N), μ is the central parameter (the most frequent value), dpit is the pit size, and α is the scale 

parameter (defining the distribution width).  

 

 

Table 2. The values of α and μ for the AZ91D alloy and T4 heat-treated AZ91D alloy. 

 

AZ91D alloy T4 heat-treated AZ91D alloy 

α μ α μ 

6.405 5.491 4.693 5.621 

4.294 11.294 4.027 7.563 

8.363 19.144 2.473 7.802 

5.581 15.355 1.683 4.787 

5.516 18.097 0.947 3.666 

3.875 14.456 7.293 10.062 

2.523 13.845 2.125 12.768 

6.027 14.504 0.874 13.383 

8.939 16.646 1.165 12.244 

2.187 18.501 3.201 8.171 

4.573 16.892 4.789 6.758 

6.208 7.935 1.270 10.211 

4.663 10.652 6.092 12.229 

3.870 7.176 0.300 5.779 

 

A double exponent (Gumbel Type extreme value distribution) was used to determine the 

probability that the greatest pit depth was greater than x. This was determined by Eq. (6) [51]. 

P = 1 − exp{−exp[
−(dpit−[μ+αlnS])

α
]}                 (6) 

where P is the pit size probability and dpit is the pit cavity diameter. 

14 segments were obtained by dividing the experimental data points into 1 h segments. In each 

segment, a Y value versus maximum pit size curve was plotted. A typical plot is shown in Fig. 10. The 

observed straight lines proved that this data was indeed described by the Gumbel distribution. The α and 

μ values for each segment were obtained and are shown in Table 2. 

Eq. (6) was used to determine the probabilities of a specific pit size occurring on both the AZ91D 

and T4 heat-treated AZ91D alloys during various immersion periods. These probabilities are plotted in 

Fig. 11. The pit growth probability on the T4 heat-treated AZ91D alloy during the immersion period was 

higher, which demonstrated that the metastable pits formed on the T4 heat-treated AZ91D alloy were 

more likely to become stable. These stable pits would then develop into larger pit cavities across a shorter 

time interval compared to those on the AZ91D alloy. This is similar to the conclusion that the depth and 

size of the pit increased on the T6 heat-treated AlSi10Mg alloy by Wei et al[52]. This also indicated the 

β phase significantly influenced pit growth on the Mg alloy. The network β phase was potentially an 

anodic barrier, inhibiting pit growth [9]. This could explain the lower pit growth probability of the 

AZ91D alloy compared to the T4 heat-treated AZ91D alloy. The similar results were also proved by 

Zhang et al [53]. 
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Figure 11. Probability of the formation of stable pits with various diameters on the (a) AZ91D and (b) 

T4 heat-treated AZ91D alloys. 

 

 

 

5. CONCLUSION 

The presence of the β phase influenced AZ91D alloy pit corrosion in two ways. One, the β phase 

played a galvanic cathode role during pit initiation. The existence of the β phase during this process 

lowered the nucleation rate but increased the transition ratio of nucleation to metastable pits. Once stable 

pits were formed, the β phase was able to act as an anodic barrier, lowering the probability of pit growth. 

This indicated that it was more difficult for the pits formed on the AZ91D alloy to become stable. 

Therefore, these pits were less likely to develop into large pit cavities across a shorter time interval 

compared with the pits on the T4 heat-treated AZ91D alloy.  
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