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The stress corrosion cracking (SCC) behavior of Al-Mg alloys with different Mg contents (Al-X Mg, 

X=2.5, 4.5, 6.3) were researched by transmission electron microscopy (TEM), electrochemical tests 

and constant extension rate tensile experiments combined with scanning electron microscopy (SEM). 

The corrosive environment for the SCC tests was 3.5 wt.% NaCl solution. Electrochemical results 

indicated that corrosion potential decreased with an increase in Mg content, while corrosion current 

density (icorr) increased significantly. The Al-2.5Mg alloy exhibited the lowest icorr among the three 

investigated compositions, indicating that the Al-2.5Mg alloy exhibited the best corrosion resistance, 

which was corresponding to the EIS results. TEM observation results showed that the number of 

precipitates rises with an increase in Mg content. In the SCC tests, collinear bilateral pulls along 

double-sided specimens have been applied in constant extension rate tensile experiments. The Al-

2.5Mg alloy exhibited the lowest susceptibility to SCC; the slopes of the da/dt-K curves during stage II 

increase with an increase in Mg content in the Al-Mg alloys and da/dt of Al-6.3Mg is the fastest at a 

given stress intensity factor, implying that stress corrosion is more and more serious with the increase 

of Mg content in the Al-Mg alloys. SEM micrographs has shown that the fracture is chiefly 

intergranular and transgranular and the stress corrosion crack surface is mainly intergranular corrosion 

(IGC).  
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1. INTRODUCTION 

With the increasing use of marine resources, Al alloys are being more and more popular among 

structural materials for lightweight ships [1]. Marine-grade 5xxx Al alloys are widely employed as 

anti-rust Al alloys because of their combination of good corrosion resistance, weldability, and 

formability and moderate strength characteristics [2-5]. These enhanced characteristics are developed 

in part by the Mg content of the alloy, which is typically greater than 3 wt.%. Although Al-Mg alloys 

are designed to meet certain strength requirements for use in body structures [6], Al-Mg alloys become 

vulnerable to stress corrosion cracking (SCC) and intergranular corrosion (IGC) when the Mg content 

reaches 3.5 wt.%. From a corrosion perspective, the presence of the Mg2Al3 phase (β-phase), in 

particular, causes major sensitivity to IGC and SCC, especially in solutions that contain Cl− ions [7-9]. 

The β-phase is anodic relative to the Al matrix and will be selectively dissolved in seawater, 

thus, the continuous distribution of the β-phase along the grain boundaries is closely related to 

sensitivity to IGC, which has been investigate in previous reports [10-12]. When Al-Mg alloys are 

upon exposure to corrosive electrolyte such as seawater, the potential difference between the β-phase 

precipitate and the Al matrix causes formation of a microgalvanic cell. Therefore, the β-phase 

precipitates along the grain boundaries dissolve gradually, making grain boundaries more susceptible 

to IGC [13-15]. The common SCC mechanism in Al-Mg alloys is accelerated by IGC and is localized 

by applied stress, moreover, the chemicals permeating the structure also play a role. Buczynski and 

Kelly [16] researched the corrosion behaviour of Mg2Al3 and AA5083 in various electrolytes and 

found that, upon exposure to acidic conditions, Mg2Al3 dissolved faster than the Al matrix. Song [17] 

used Auger electron spectroscopy to investigate the 7050 Al alloy exposed to humid air, found that the 

crack velocity was positively related to Mg segregation at grain boundaries. Liu [18, 19] researched 

Mg corrosion in bulk Mg2Al3 tested in an Na2SO4 solution as observed by X-ray photoelectron 

spectroscopy and secondary-ion mass spectrometry. As an added factor of concern, the mechanism of 

β-phase-related corrosion in Al-Mg alloys should be evaluated to determine the SCC susceptibility of 

these components [20]. Two fundamental issues concerning the SCC of Al-Mg alloys need to be 

investigated: (1) effect of Mg content on stress corrosion cracking and (2) the contributions of the β-

phase precipitates and the surrounding grain-boundary area to crack advancement.  

Although earlier reports have shown that the existence of stable Al passivation film is hardly 

affected by Mg segregation, and the stability of the film will not be altered when the Mg content is less 

than 3 wt.% [21, 22], H permeation data in earlier reports and the large H reduction observed with 

corrosion of the β-phase can support the mechanism of H-induced crack growth [23]. However, the test 

data of H permeation remain unconfirmed because related experiments have not been repeated and 

covered in the open literature. Hence, the purpose of this study was to quantify the role of Mg along 

the grain boundary in SCC and to explain the relationship between the volume fraction of β-phase 

along grain boundary and the crack propagation velocity in Al-Mg alloys [24].  

Most of the previous researches on Al-Mg alloys mainly focused on the effects of Mg contents 

on mechanical properties and corrosion resistance; however, the effect of Mg content on SCC of Al-

Mg alloy has not yet been reported after different immersion time. Potentiodynamic polarization 

curves, electrochemical impedance spectroscopy (EIS) measurements, and SCC experiments were 
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adopted to research performance of samples with different Mg contents (Al-2.5Mg, Al-4.5Mg, and Al-

6.3Mg) in 3.5 wt.% NaCl solution.  

 

 

2. EXPERIMENTAL PROCEDURE 

2.1 Microscopy Analysis of Grain-boundary Segregation and β-Phase Precipitation 

The specimens used for the tests were prepared from Al alloy hot-rolled plate; the chemical 

components of the specimens are shown in Table 1. The β-phase was observed by optical microscopy 

(Leica DMI5000M) and transmission electron microscopy (TEM; JOEL JEM-2100F). Optical 

metallography observation was performed on polished samples after the samples were etched with 0.5 

wt.% hydrofluoric acid for 40 s. The fracture surface morphology was observed by means of scanning 

electron microscopy (SEM; HITACHI SU8000). 

 

Table 1.  Chemical Composition of Aluminum Alloys 

 

Alloy 
composition (wt.%) 

Si Fe Cu Mn Zn Ti Al 

Al-2.5Mg 0.25 0.08 0.1 0.1 0.1 -- bal 

Al-4.5Mg 0.4 0.08 0.1 0.5 0.25 0.15 bal 

Al-6.3Mg 0.4 0.08 0.1 0.5 0.2 0.03 bal 

 

2.2 Electrochemical Analysis 

Experiments of potentiodynamic polarization curve mesurements were performed in 3.5 wt.% 

NaCl solution. All electrochemical experiments were conducted at room temperature after stabilization 

of the open circuit potential. All tests were conducted under ambient conditions using a three-electrode 

cell, where a saturated calomel electrode and a Pt electrode were adopted as the reference electrode 

and the auxiliary electrode, respectively; the exposed surface area of the Al-Mg alloy was 1 cm2. The 

open circuit potential (OCP) was monitored for 60 min before the commencement of EIS 

measurements and polarization at a scan rate of 0.5 mV/s. A sinusoidal potential perturbation of 10 mv 

were applied to conduct the tests of EIS measurements. The frequency scope of the impedance spectra 

was 100 kHz to 10 mHz. All tests were carried out not less than four times to ensure reproducibility. 

 

2.3 SCC Experiments 

Constant extension rate tests were carried out on dog bone shaped Al-6.3Mg specimens, and 

the specimens were cut from rolled plates both in the plate-rolling direction and across the rolling 

direction. The static properties were shown in Figure 1, as can been seen, the specimen across the 

plate-rolling direction showed lower ultimate strength and elongation, which indicated that SCC 

sensitivity of Al-6.3Mg specimen along the plate-rolling direction was higher. 
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Figure 1. Monotonic tensile curves of Al-6.3Mg aluminum alloy 

 

 
 

Figure 2. Collinear bilatera pulled along double-side specimen used in the SCC experiments 

 

Collinear bilateral pulls along double-sided specimens of Al-Mg alloy were adopted for SCC 

experiments to evaluate the SCC degree of the Al-Mg alloys. Tensile tests were carried out according 

to ASTM standard E647 [25]. The specimens were cut from rolled plates across the plate-rolling 

direction, as can be seen in Figure 2, the rolling direction was across specimen axis [26], the thickness 

of the specimen is 2 mm. The specimens were sanded using sandpaper of 80 to 2000 grain sizes. The 

stress were applied along the specimen axis and crack propagation direction was along the plate-rolling 

direction. Each specimen was notched using a PLD-20 electrohydraulic servo fatigue testing machine 

in tension-tension loading on both sides of the specimen at the same time to bring about a 4mm in 

wide, 10 mm in length notch. Notched specimen experiments were carried out in free air through 

fatigue loading. In order to research the role of Mg content in subsequent SCC performance, tensile 

loads were applied to the Al-Mg alloy specimens at a constant strain rate (10-4 mm/s). Samples were 

tested to failure in constant extension rate test, and the fracture morphology was studied using SEM.  
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3. RESULTS AND DISCUSSION 

3.1 Microstructure  

Figure 3 shows the microstructure of the investigated Al-Mg alloy. The dark granular 

precipitates observed in the Figure are β-phase; Figure 4 shows the characteristics of the distribution of 

grain-boundary precipitates (GBPs) for all three alloys, as observed by TEM. As exhibited in Figure 4, 

the number of precipitates rises with an increase in Mg content. The β-phase precipitates are usually 

nanocrystals and tend to form rod-like particles; therefore, they are very unusual in structure and 

morphology. The small granular β-phase is discretely distributed along grain boundaries and 

throughout the grains in Al-Mg alloys. Figure 4(c) shows that the Al-6.3Mg alloy exhibits the highest 

area fraction of GBPs and the GBPs are distributed continuously at the grain boundaries; this 

observation confirms that secondary phases based on Mg2Al3 were massively formed along the α-Al 

dendritic boundaries. As is shown in Figure 4(a) and 4(b), the GBPs are discretely precipitated at the 

grain boundaries in Al-2.5Mg and Al-4.5Mg. With increasing Mg content, the distribution of GBPs 

increases. This result indicates that the more discontinuous the distribution of GBPs, the better the 

resistance of the studied alloy to SCC. These results are later compared with the SCC susceptibility 

results obtained in electrochemical tests and with the observed SCC behavior.  

 

 
 

Figure 3. Microstructure of the as-received Al-Mg alloys (a) Al-2.5Mg (b) Al-4.5Mg (c) Al-6.3Mg 
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Figure 4. Microstructure of the as-received Al-Mg alloys (observed by TEM) (a) Al-2.5Mg, (b) Al-

4.5Mg, and (c) Al-6.3Mg 

 

3.2 Electrochemistry of Al-Mg Alloys 

To predict the corrosion susceptibility of the Al-Mg alloys with different Mg contents, 

electrochemistry tests were perfomed on the Al-2.5Mg, Al-4.5Mg, and Al-6.3Mg alloys in 3.5 wt.% 

NaCl solution. The change in the OCP with the Mg content in the Al-Mg alloys is shown in Figure 5. 

As can be seen in Figure 5, the OCP decreases linearly with an increase in Mg content, which reveals 

that the Al-Mg alloys tend to become more prone to corrosion with increasing Mg content. 

The sensitivity to corrosion initiation corresponds to a lower corrosion potential (Ecorr), and 

greater corrosion current density (icorr) value suggests higher corrosion rates. Figure 6 exhibits the 

potentiodynamic curves for Al-2.5Mg, Al-4.5Mg, and Al-6.3Mg alloys immersed in 3.5 wt.% NaCl 

solution for (a) 0 days and (b) 42 days. For the curves whose potential change is not obvious, the 

potential at which the current density reaches 100 μA is defined as the pitting potential (Epit). As 

shown in Figure 6, both the Ecorr and Epit decrease with an increase in Mg content. This is because the 

presence of β-phase precipitates causes pitting at the particle-matrix interface [27]. The Ecorr 

determined from the Al-6.3Mg polarization curve is approximately 721 mV, which is more negative 

than those determined from the polarization curves of the Al-2.5Mg and Al-4.5Mg alloys. Baldwin 

also found that in Al-Mg alloys in the brine environment, the corrosion current density increases with 

increasing Mg content [28]. This performance difference is more obvious in the polarization curves of 

Al-Mg alloys immersed in 3.5 wt.% NaCl solution for 42 days (Figure 6(b)), thus indicating that the 

corrosion susceptibility of the Al-Mg alloys increases with an increase in Mg content. 
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Figure 5.  Open circuit potential of Al-Mg alloys 

 
 

Figure 6. Polarization curves of Al-Mg alloys (a) pre-immersed, (b) immersed for 42 days 

 

Notably, the Al-2.5Mg alloy exhibits the lowest icorr, indicating that the Al-2.5Mg exhibits the 

lower corrosion rate among the three compositions. When the Mg content is greater than 3.5 wt.%, the 

corrosion rate of the Al alloys increases rapidly with an increase in Mg content, which is attributed to 

β-phase precipitation along the grain boundaries. Compared with Al matrix, the β-phase has lower Ecorr 

and stronger anodic activity, resulting in tendency to dissolution in corrosive electrolytes [29, 30]. The 

activity of the β-phase can account for the occurrence of SCC along the grain boundaries of Al alloys. 

With an increase in Mg content, pitting corrosion and SCC become more severe, particularly when the 

alloys are immersed in a solution containing Cl-. 

EIS was performed on the three Al-Mg alloys to research the role of their Mg content in their 

electrode reaction processes. Figure 7 exhibits the Bode plots for the pre-immersed Al-Mg alloys, and 

Figure 8 shows the Bode plots for the Al-Mg alloys which were immersed in 3.5 wt.% NaCl solution 

for 42 days. As is exhibited in the figure, there are almost no difference at high frequencies, and the 
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samples electrode behaviors are dominated by double-layer capacitance. The slopes of the impedance-

frequency curves in Figures 7(b) and 8(b) show that the electrodes exhibit absolute capacitance 

behavior. Generally, anti-corrosion capacity corresponds to the impedance peak at low frequencies 

[31]. Figures 7(a) and 8(a) show that the impedance of the alloy substrates ranges from 103 to 105 

Ω·cm2 at low frequencies. Figures 7(a) and 8(a) also show that the impedance of the Al-Mg alloys 

decreases with an increase in Mg content, implying that the anti-corrosion capacity of the Al-Mg 

alloys decreases with increasing Mg content. In addition, the Al-2.5Mg alloy exhibits the best 

corrosion performance among the three investigated alloy compositions. Furthermore, the argument 

curves in the Bode phase diagram in Figures 7(b) and 8(b) indicate that the phase angles increase 

monotonically with increasing frequency in the low frequency range but decrease monotonically at 

higher frequencies. 

 
 

Figure 7. Bode plots of pre-immersed Al-Mg alloys (a) Bode |Z| diagram, (b)Bode phase diagram 

 
 

Figure 8. Bode plots of Al-Mg alloys immersed in 3.5 w.t% NaCl solution for 42 days (a) Bode |Z| 

diagram, (b) Bode phase diagram 

 

EIS of the Al-Mg alloys at different immersion time are simulated using suitable equivalent 
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represents the solution resistance, C is the double-layer capacitance of the solution, and Rt is the charge 

transfer resistance. The test solutions were identical, and the insignificant differences in Rs are 

attributed to the hydrogenation reaction, which causes an increase in the resistance between the 

working electrode and the reference electrode. Rt can be substituted for the impedance value as Rs is 

insignificant compared with Rt, where higher Rt values indicate better anti-corrosion performance. The 

results of Zsimpwin software simulation are indicated in Table 2. Notably, Al-2.5Mg exhibits the 

highest Rt among the investigated alloys, implying that it exhibits the best anti-corrosion performance, 

identical to the aforementioned experimental results.  

 
Figure 9. The equivalent circuit of galvanic corrosion for different composites 

 

Table 2. Parameters of Equivalent Circuits for Different Composites 

 

Materials 
Pre-Immersed Immersed for 42 days 

Al-2.5Mg Al-4.5Mg Al-6.3Mg Al-2.5Mg Al-4.5Mg Al-6.3Mg 

Rs(Ω·cm-

2) 
11.62 13.21 13.97 10.642 11.836 11.163 

Rt(Ω·cm-2) 55413 29080 3658 109640 47184 3934 

 

Dutta [32] has made the point of view that, the stress corrosion of metal matrix composites is 

more serious than that of matrix because of the large thermal stress around the substrate during the 

manufacturing process. However, this stress corrosion is not the main corrosion factor. After the 

surface pitting penetrates the Al alloy surface, the corrosive medium penetrates into the inner layer of 

the material. Electrochemical corrosion is prone to more severe and sustained corrosion along the fiber 

matrix is rapidly expanding. Electrochemical corrosion tests mainly analyze the corrosion between the 

fibers and the matrix of the alloy. Because the electrode potential of a Pt electrode is substantially 

greater than that of an Al-Mg alloy, the Al-Mg alloy has a higher corrosion rate, which can be 

interpreted with the following reactions: 

Anode reaction: 
  eAlAl 33

 

Cathode reaction: 22 222 HHOeOH    

 

3.3 Effect of Mg Content on SCC Behavior 

The SCC susceptibility and fracture mechanism of Al-Mg alloys with various Mg contents 

cannot be determined only from polarization curves; they should be verified through a combination of 

mechanical measurements. Mondolfo [33] has shown the point of view that, Mg content is the main 
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factor affecting the mechanical properties of commercial Al-Mg alloys. To research the effect of Mg 

content in Al-Mg alloys, we conducted SCC tests on the Al-2.5Mg, Al-4.5Mg, and Al-6.3Mg 

specimens. 

 
Figure 10. Typical constant extension rate test curves of Al-Mg alloys in 3.5 wt.% NaCl solution after 

immersing in 3.5 wt.% NaCl solution for 14 days 

 
Figure 11. Static material propertie of Al-Mg Alloys (a)Yield stress σy (MPa), (b) Ultimate strength σu 

(MPa), and (c)Fracture strain εf (%) 
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Collinear bilateral pulls along double-sided specimens were used in the mechanical 

performance test. The experiments were performed on specimens according to the dimension exhibited 

in Figure 2. Constant extension rate tests were carried out in 3.5 wt.% NaCl solution, the specimens 

were pre-immersed and immersed in 3.5 wt.% NaCl solution for 14, 42, 70 days respectively, constant 

extension rate test curves of three alloys in 3.5 wt.% NaCl solution after immersing for 14 days are 

exhibited in Figure 10, average values of the material properties are shown in Figure 11.  

The highest yield stress and ultimate strength are observed for the Al-6.3Mg alloy because the 

added Mg substantially strengthens the alloys [34]. By contrast, the Al-2.5Mg alloy exhibits the best 

ductility, which indicates lower SCC susceptibility. 

SEM micrographs in Figure 12 has shown the stress corrosion fracture surface of Al-4.5Mg 

immersed in 3.5 wt.% NaCl solution for 14 days, a) in Figure 12 is the high magnification image and 

b) in Figure 12 is the low magnification image of fracture surface respectively. The fracture is chiefly 

intergranular and transgranular and the stress corrosion crack surface is mainly IGC. SCC initiation is 

closely related with the initiation as well as the propagation of localized corrosion, especially the IGC 

[35]. SEM fractographs of the Al-4.5Mg immersed in NaCl solution show substantial brittleness. 

These investigations are consistent with previous fractographs reported for a similar material [36]. The 

SCC susceptibility of a metal depends on its GBPs. In the case of the Al-Mg alloys, specimens with a 

high Mg content, such as Al-4.5Mg and Al-6.3Mg, exhibited intergranular SCC and greater 

susceptibility to SCC. 

 

 
 

Figure 12. Fracture surface of Al-4.5Mg Alloy immersed 3.5 wt.% NaCl solution for 14 days(a) high 

magnification (b) low magnification 

 

For notched specimens, the SCC resistance of Al-Mg alloys in corrosive electrolyte can be 

estimated by the crack growth rate (da/dt, m/s) and threshold stress intensity factor for SCC (KISCC) 

[37]. As regards a commercially produced middle-strength Al alloy, the da/dt vs KI curve shows two 

distinguishable stages roughly [38]. The da/dt increases sharply with increasing KI in stage I, whereas 

it increases gently in stage II. Lee [39] has demonstrated that SCC is mainly controlled by anodic 

dissolution (AD) in stage I and by hydrogen embrittlement in stage II. 

Collinear bilateral pulls along double-sided specimens of Al-Mg alloys were used in SCC 

experiments. According to the dimension of the sample exhibited in Figure 2, the stress intensity factor 

(KI) can be predicted by the following equation: 
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                                                  (1) 

where F is the geometric parameter of the specimen, which is obtained from the appropriate 

graph in the Stress Intensity Factor Handbook [40], a is the crack length recorded with a reading 

microscope, and σ is the stress calculated according to the external load P, which was recorded by a 

transducer. The da/dt was obtained from the measurement data of the crack length as a function of time 

by taking the derivative of the fitting curve for the middle point. 

In experimental practice, the minimal value of K from the diagram of da/dt vs applied stress 

intensity to failure is generally called the KISCC. Which has been marked in da/dt-KI curves, as is shown 

in Figure 13, there is typical power function relation between da/dt and the applied load level (KI). 

Indeed, threshold-like behavior is noticed in the experiments; when the KI approaches the KISCC, the 

da/dt tends to be constant (10-10 m/s). KISCC of Al-2.5Mg is about 2.2 MPa·m1/2, KISCC of Al-4.5Mg is 

about 3.5 MPa·m1/2, KISCC of Al-6.3Mg is about 7.3 MPa·m1/2. Whereas, the crack-growth behavior 

during stage II substantially differs from that during stage I. In stage I, when KI is larger than KISCC, the 

crack propagates at low speed and the da/dt increases rapidly with the increase of KI, the mechanical 

factor plays a major role; in stage II, when KI increases to a certain value, da/dt almost remains 

constant, chemical factors play a major role.  

 
 

Figure 13. Stress corrosion crack growth rate curves of Al-Mg Alloys (a) Al-2.5Mg, (b) Al-4.5Mg, 

and (c) Al-6.3Mg 
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The crack-growth behavior during stage I of the SCC tests reveals that the initial crack-growth 

rate is maily up to the stress intensity factor, then returns to a stable crack-growth rate during stage II. 

As exhibited in Figure 11, the Al-2.5Mg alloy shows a lowest KISCC because of its low strength 

performance, whereas the slopes of the da/dt-KI curves during stage II increase with an increase in Mg 

content in the Al-Mg alloys and da/dt of Al-6.3Mg is the fastest at a given stress intensity factor, thus 

implying that stress corrosion is more and more serious with the increase of Mg content in the Al-Mg 

alloys.  

The above results are consistent with the mechanism of AD or H-induced crack propagation. 

The recent reports of Windisch [41] indicate that elemental Mg can accelerate the dissolution of the β-

phase, which can support anodic dissolution. 

 

 

 

4. CONCLUSIONS 

The effects of the Mg content of Al-Mg alloys on their SCC properties were investigated using 

different methods. The relsuts have led to following conclusions.   

（1）The β-phase precipitation along the grain boundaries of Al-Mg alloys increases with 

increasing Mg content, resulting in the grain boundaries more likely to be affected by IGC. 

（2） Both the Ecorr and Epit decrease with an increase in Mg content, indicating that the 

corrosion susceptibility of the Al-Mg alloys increases with an increase in Mg content. The Al-2.5Mg 

alloy exhibits the lowest icorr, impying that it exhibits the best anti-corrosion performance, identical to 

the EIS results. 

（3） As for the SCC tests, the highest yield stress and ultimate strength were observed in the 

Al-6.3Mg alloy because the added Mg substantially increased the strength of the alloys. Whereas the 

Al-2.5Mg alloy exhibited the best ductility, which implied lower SCC susceptibility. Forthermore, the 

slopes of the da/dt-KI curves during stage II increase with an increase in Mg content in the Al-Mg 

alloys and da/dt of Al-6.3Mg is the fastest at a given stress intensity factor, implying that stress 

corrosion is more and more serious with the increase of Mg content in the Al-Mg alloys. 
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