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Magnesium alloys are promising as load bearing components. They are 11 

inevitably exposed to cyclic loading and corrosive environment in actual service, 12 

which can consequently result in corrosion fatigue failure and loss of mechanical 13 

integrity of the material. Therefore, in the present study, the corrosion behavior, 14 

corrosion fatigue performance and mechanical integrity of an extruded 15 

Mg4Zn0.2Sn (wt.%) alloy were thoroughly studied in two corrosive electrolytes. 16 

Strong localized corrosion occurred when the alloy was immersed in deionized 17 

water based sodium chloride (NaCl) solution. The poor corrosion resistance of 18 

the alloy resulted in the fast deterioration of the tensile properties after pre-19 

exposure to salt spray and the poor fatigue resistance in deionized water based 20 

NaCl solution. In comparison, the active dissolution of the substrate was 21 

sufficiently suppressed in artificial tap water based NaCl solution due to the 22 

formation of highly protective corrosion product layers. This consequently 23 

conferred longer fatigue life on the alloy in the electrolyte. Our results 24 

emphasized the influence of corrosion on the fatigue behavior and tensile 25 

properties of magnesium alloys. 26 

 27 
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Magnesium (Mg) alloys have attracted considerable attention for their promising applications 1 

as load-bearing components in transportation and biomedical areas. They can inevitably 2 

experience dynamic loading in actual service. For example, car wheels undergo cyclic 3 

loading at elastic stress levels with several 108 cycles and cardiovascular stents suffer cyclic 4 

stress induced by heart beats [1-3]. With the synergetic action of mechanical loading and 5 

corrosive environment, corrosion assisted cracking can lead to the sudden premature failure 6 

of the materials. The nature of loading results in different failure modes, including stress 7 

corrosion cracking (SCC) induced by tensile loading and corrosion fatigue resulting from 8 

cyclic loading [4, 5]. Up to now, SCC of Mg alloys has been extensively studied [3, 6-9], while 9 

limited attention has been paid on the corrosion fatigue of Mg alloys [5]. Since catastrophic 10 

failure can be caused by corrosion fatigue fracture, it is imperative to thoroughly investigate 11 

the corrosion fatigue performance of Mg alloys before their practical applications as load-12 

bearing structural materials. 13 

Generally, fatigue cracks initiate in air from solidification defects for as-cast Mg alloys and 14 

from slip bands or twin boundaries for wrought Mg alloys [1]. In comparison, corrosion pits 15 

are identified to be crack initiation sites when Mg alloys are tested in corrosive environment. 16 

Moreover, different corrosive electrolytes can affect the nucleation and growth of the 17 

corrosion pits and the consequent corrosion fatigue lives of Mg alloys [4]. Uematsu et al. [10] 18 

studied the influence of controlled humidity on the fatigue crack propagation of AZ61 alloy. 19 

The crack propagation rate was faster in humid atmosphere compared to that in dry air, even 20 

at a low humidity of 20 % R.H., but was independent from the level of humidity. In 21 

comparison with humid condition, much higher reduction of fatigue strength was revealed in 22 

5 wt.% sodium chloride or calcium chloride solutions. This was a result of the enhanced 23 

formation and growth of corrosion pits to the critical size for crack nucleation induced by 24 

corrosive chloride ions, as demonstrated by the work of Bhuiyan et al [11]. Accordingly, with 25 

enhanced resistance to pitting, improvement of corrosion fatigue behavior of Mg alloys can 26 

be achieved [5]. Harandi et al. [12] compared the fatigue performance of AZ91D alloy in 27 

Hank’s solution with and without bovine serum albumin (BSA) and found that the fatigue 28 

resistance of the alloy was higher in solution with BSA. This was attributed to the absorption 29 

of BSA on the alloy surface, which suppressed the dissolution of the substrate. 30 

Characterization of the mechanical properties of Mg alloys before exposure to the mimic or 31 

actual service environment is the usual case for the majority of currently reported literature 32 

[13-18]. However, the inevitable corrosion of Mg alloys in aggressive environment can cause 33 

the deterioration of mechanical integrity during their service duration, especially when 34 
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localized corrosion occurs, which can significantly affect the support life of the material [19, 20]. 1 

Therefore, apart from the initial mechanical properties of an alloy, the mechanical integrity 2 

should also be considered during the development of a novel alloy for commercial 3 

application. 4 

Recently, the magnesium-zinc-tin (Mg-Zn-Sn) system has drawn increasing attention for 5 

potential applications as both structural components and biomaterials [21, 22]. Investigations 6 

have been carried out on the influence of microstructure on the structure stability, mechanical 7 

properties and corrosion performance of Mg-Zn-Sn alloys [22-27]. Studies show that the 8 

mechanical properties of Mg-Zn-Sn alloys at elevated temperature are superior to those of the 9 

conventional magnesium-aluminum series alloys [28]. Moreover, Mg-Zn-Sn alloys have been 10 

considered as a promising high-strength precipitation-hardenable system [29, 30]. The reasons 11 

for this are the relatively high solid solubility of Zn and Sn in Mg at high temperature [20, 31], 12 

the precipitation of Mg-Zn transition phases during aging treatment [32-34] and the formation 13 

of Mg2Sn phase with high melting point [35]. Mg4Zn (in wt. %) alloy has been reported to 14 

possess a good combination of low corrosion rate, moderate mechanical properties and good 15 

biocompatibility [20, 36]. With the addition of Sn, the mechanical properties of Mg4Zn alloy 16 

can be further enhanced, but the effect becomes minor when Sn content is increased from 1 17 

wt.% to 2 wt.%. Moreover, 2 wt.% Sn can strongly deteriorate the corrosion performance of 18 

Mg4Zn alloy [22]. Consequently, micro addition (0.2 wt.%) of Sn is considered in this study. 19 

In spite of the increasing interest in Mg-Zn-Sn system, no studies about the mechanical 20 

integrity or fatigue/corrosion fatigue behavior of the alloy can be found. 21 

Therefore, in this study, the corrosion performance, corrosion fatigue behavior and 22 

mechanical integrity of an extruded Mg4Zn0.2Sn (in wt.%) alloy were firstly 23 

comprehensively studied, with an emphasis on the influence of corrosion on the fatigue 24 

behavior and tensile properties. The fatigue behavior was compared in air and two different 25 

corrosive solutions and the mechanical integrity was studied by exposing the samples to salt 26 

spray for different time length. To have a good understanding upon these properties of the 27 

extruded Mg4Zn0.2Sn alloy, the microstructure, corrosion morphologies and fracture 28 

surfaces after tensile or fatigue tests were analyzed. 29 

2. Experimental 30 

2.1 Material and solution preparation 31 

The extruded Mg4Zn0.2Sn (wt.%) alloy was prepared by indirect chill casting, then 32 

homogenized at 320 °C for 24 h and finally extruded at 2.2 mm/s at 375 °C. The 33 

homogenization treatment was applied to improve the extrudability of the alloy [37] and more 34 
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importantly to receive a well homogenized material with the alloying elements in solid 1 

solution as much as possible. The temperature for the homogenization treatment and 2 

extrusion process was chosen according to the Mg4Zn-Sn phase diagram provided in our 3 

another work [38], which is above the solvus temperature of precipitates. A rather low 4 

extrusion speed of 2.2 mm/s has been applied to avoid additional deformation related heating 5 

and grain coarsening as a result of enhanced dynamic recrystallization and grain growth. The 6 

composition of the nominal Mg4Zn0.2Sn alloy is 0.17 % Sn, 3.77 % Zn, 0.028 % Mn, 7 

0.0004 % Ni, 0.0069 % Si, 0.0014 % Cu, 0.0018 % Fe and balanced by Mg (all in wt.%), 8 

which was determined by atomic absorption spectrometry (240FS AA, Agilent) 9 

(determination of Sn) and spark optical emission spectroscopy (Spectrolab M9, Spectro 10 

Ametek). Sodium chloride (NaCl) solutions (0.5 wt.%) prepared with deionized water (DIW) 11 

and artificial tap water (ATW) [39] were used for the investigation of the corrosion behavior 12 

and corrosion fatigue performance of the alloy. The former provided a simply simulated 13 

condition while the latter presented a closer condition to the actual service environment of the 14 

alloy. In the following texts, these two solutions are referred to as NaCl-DIW and NaCl-ATW, 15 

respectively. 16 

2.2 Microstructure characterization 17 

Optical microscopy (OM) (Leica DM2500 M, Leica Microsystems) and scanning electron 18 

microscopy (SEM) (Vega 3 SB, TESCAN Brno) were utilized to analyze the microstructure. 19 

Samples were successively ground to 2500 grit with silicon carbide papers accompanied by 20 

flowing water and subsequently mechanically polished in a mixture of non-aqueous silica 21 

suspension and 1 µm diamond slurries. The second phases were characterized by using 22 

backscattered electron mode (BSE) of SEM and an energy dispersive X-ray spectroscopy 23 

(EDS) at a working voltage of 20 kV. Before observation with OM, the polished mirror 24 

surface was etched by an etchant that was based on picric acid to reveal the grain boundaries. 25 

2.3 Electrochemical measurements 26 

Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization tests were 27 

performed in NaCl-DIW and NaCl-ATW solutions to investigate the corrosion behavior of 28 

Mg4Zn0.2Sn alloy. A Gill/AC potentiostat (Gill AC, ACM Instruments) was used for the 29 

measurements. The three-electrode cell for the electrochemical tests was made up of an alloy 30 

disc with 0.5 cm2 exposed surface area, an Ag/AgCl electrode saturated with potassium 31 

chloride solution and a platinum mesh, which served as the working, reference and counter 32 

electrode respectively. The frequency for EIS tests ranged from 30000 Hz to 0.1 Hz at an AC 33 

voltage disturbance of 10 mV rms. EIS tests lasted for 48 h with the acquisition of data at 34 
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certain time points. After immersion for 48 h, anodic and cathodic polarization curves were 1 

acquired separately at a scanning rate of 0.5 mV s-1. The anodic curves were measured from - 2 

5 mV to 700 mV relative to the open circuit potential (OCP) and the cathodic ones were 3 

obtained from 5 mV to - 400 mV versus OCP. All tests were carried out under magnetic 4 

stirring and at least four tests were repeated. The face perpendicular to the extrusion direction 5 

was used for all electrochemical measurements and the following immersion tests. 6 

2.4 Corrosion products analysis 7 

To facilitate the understanding of the corrosion behavior of Mg4Zn0.2Sn alloy, immersion 8 

tests were performed in NaCl-DIW and NaCl-ATW solutions for 48 h. The surface and cross 9 

section morphologies after corrosion were examined by SEM in BSE mode. Additionally, the 10 

detailed compositions of the corrosion products formed in different solutions were 11 

determined by X-ray diffraction (XRD) (D8 Advance, Bruker) with Cu Kα radiation. The 12 

diffraction patterns were collected from 15° to 85° with 0.01° per step and 2 s for each step at 13 

40 kV and 40 mA. 14 

2.5 Texture analysis 15 

Six pole figures of the Mg4Zn0.2Sn alloy were recorded using XRD to determine the texture. 16 

The measurements were carried out at 40 kV on the sample surface perpendicular to the 17 

extrusion direction and up to a sample tilt of 70°. An MTEX toolbox [40] was used to analyze 18 

the obtained data and to reveal the inverse pole figure parallel to the extrusion direction in 19 

order to reveal the orientation distribution of the sample. 20 

2.6 Mechanical tests 21 

The tensile and compressive properties of Mg4Zn0.2Sn alloy were evaluated by a materials 22 

tensile testing machine (Zwick/Roell Z050, Zwick GmbH & Co KG) at room temperature. 23 

The strain rate was 10-3 s-1. To investigate the mechanical integrity (only tensile properties) of 24 

Mg4Zn0.2Sn alloy, specimens were exposed to salt spray using ASTM B117 standard for 25 

different time intervals. Bee wax was used to protect the screw threads from corrosion for the 26 

subsequent tensile tests after pre-corrosion. Macroscopic surface appearance of specimens 27 

after salt spray was recorded by OM. Afterwards, tensile tests were carried out with the 28 

corroded specimens. For statistic purpose, at least three samples were measured. After the 29 

tensile tests, the fractured surfaces were checked by SEM. 30 

2.7 Fatigue and corrosion fatigue tests 31 

An electrodynamic test system (MTS Acumen, MTS Systems Corporation) was utilized to 32 

study the fatigue behavior of Mg4Zn0.2Sn alloy. The frequency for the axial sinusoidal 33 

loading was 30 Hz. The measurement was not stopped unless the sample failed. If the 34 
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specimen survived at one stress amplitude for up to 107 cycles then the measurement was 1 

stopped automatically. Consequently, this stress level was defined as the fatigue limit of the 2 

alloy. Fractural morphologies were studied by SEM to examine the growth of fatigue cracks. 3 

3. Results 4 

3.1 Microstructure and texture analysis 5 

The grain structure of the extruded Mg4Zn0.2Sn alloy reveals typical equiaxial 6 

characteristics, as shown in Fig. 1a, with an average size of 34 ± 1 µm. It implies that 7 

dynamic recrystallization almost fully completed during the extrusion process. The SEM 8 

images (Fig. 1b and 1c) show that element segregation occurs in the alloy and some fine 9 

precipitates exist at the grain boundaries while a few larger particles precipitate inside the 10 

grains. Those larger particles are Fe-Mn/SiO2 impurities according to the EDS analysis [38]. 11 

The recalculated inverse pole figure (Fig. 1d) exhibits a distinct alignment of basal planes 12 

along the extrusion direction, which has been commonly revealed for extruded Mg alloys [41, 13 

42]. In addition, the highest intensity at the <11-20> pole (upper right in the inverse pole figure) 14 

is in good agreement with the recrystallized nature of the microstructure [43]. 15 

3.2 Corrosion performance in different solutions 16 

To monitor the corrosion behavior of Mg4Zn0.2Sn alloy and the state of the surface during 17 

immersion in NaCl-DIW and NaCl-ATW solutions, EIS tests were continuously conducted 18 

for 48 h. Besides, polarization curves separately taken from the OCP to cathodic and anodic 19 

directions were collected to investigate the formation of surface layers in different solutions. 20 

Furthermore, the corrosion products were further examined to reveal the corrosion 21 

mechanism of the alloy in different corrosive media. 22 

3.2.1 EIS measurements 23 

Fig. 2 compares the impedance spectra (in Bode plots) of Mg4Zn0.2Sn alloy in NaCl-DIW 24 

and NaCl-ATW solutions. When exposed to NaCl-DIW solution (Fig. 2a and b), the 25 

impedance value decreases after immersion for 5 min (i.e. as soon as the test started) and then 26 

fluctuates at around 500 Ω cm2 after exposure for more than 8 h. Interestingly, in NaCl-ATW 27 

solution (Fig. 2c and d), the impedance value gradually increases with prolonged exposure 28 

and is significantly higher than that measured in NaCl-DIW solution after 24 h. Two time 29 

constants can be observed in the initial hours (less than 12 h), while the one located in the 30 

low frequency region becomes less and less visible with immersion time. The totally different 31 

impedance response of the alloy in NaCl-DIW and NaCl-ATW solutions suggests that 32 

different surface layers are formed on the alloy surface. 33 
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3.2.2 Potentiodynamic polarization 1 

Distinct difference can be observed between the potentiodynamic polarization curves (Fig. 3) 2 

of the alloy measured in NaCl-DIW and NaCl-ATW solutions. Firstly, the corrosion current 3 

density (icorr) tested in NaCl-DIW solution is significantly higher compared to that measured 4 

in NaCl-ATW solution, indicating that the corrosion resistance of the alloy in NaCl-DIW 5 

solution is poorer than in NaCl-ATW solution. Secondly, for the anodic curves, the current 6 

density steeply increases with applied potential in NaCl-DIW solution while it is apparently 7 

retarded in NaCl-ATW solution, exhibiting a plateau region. This implies that a protective 8 

surface layer is formed in NaCl-ATW solution and suppresses the anodic dissolution of 9 

Mg4Zn0.2Sn alloy. While the surface layer formed in NaCl-DIW solution is almost non-10 

protective. This agrees well with the EIS results. 11 

3.2.3 Corrosion morphologies and products analysis 12 

Fig. 4a and 4c show that Mg4Zn0.2Sn alloy is subjected to localized corrosion in NaCl-DIW 13 

solution after immersion for 48 h, exhibiting obvious localized attack of the surface. While in 14 

NaCl-ATW solution, uniform surface morphology (Fig. 4b) is revealed. The substrate is 15 

covered by tightly arranged flower-like corrosion products. Notably, the flower-like products 16 

form an additional compact layer on the surface of the alloy (Fig. 4d). In contrast, the layer of 17 

corrosion products formed in NaCl-DIW solution is not dense (Fig. 4c). This explains the 18 

dissimilar impedance and polarization responses of the alloy in NaCl-DIW and NaCl-ATW 19 

solutions. 20 

According to the diffraction patterns shown in Fig. 5, magnesium hydroxide (Mg(OH)2) is 21 

the main corrosion products after Mg4Zn0.2Sn alloy exposed to NaCl-DIW solution for 48 h, 22 

while calcium carbonate (CaCO3) in the crystallographic form of aragonite predominates in 23 

the case of NaCl-ATW solution. Considering the surface and cross section morphologies, the 24 

flower-like corrosion products should be CaCO3. 25 

3.3 Mechanical properties and integrity 26 

Fig. 6 shows the tensile and compressive stress-strain curves of Mg4Zn0.2Sn alloy measured 27 

at ambient temperature, with the detailed properties displayed in Table 1. The tensile yield 28 

strength (TYS), ultimate tensile strength (UTS) and elongation to fracture of the alloy are 157 29 

MPa, 254 MPa and 16 %, respectively. However, a relatively high tension-compression yield 30 

asymmetry of 2.0 is revealed. 31 

The tensile curves after pre-corrosion and the variation of tensile properties with pre-32 

corrosion duration are displayed in Fig. 7 and summarized in Table 2, with comparison to the 33 
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unexposed alloy as well. The data for samples after pre-corrosion in salt fog for 42 days is 1 

missing because the corrosion of the samples was so severe that the bee wax has lost its 2 

protective function and thus the corroded screw thread did not allow a tensile test anymore. 3 

As revealed, the tensile properties of Mg4Zn0.2Sn alloy gradually declines with prolonged 4 

pre-corrosion duration. After 28 days, the TYS, UTS and elongation to fracture decrease to 5 

be 136 MPa, 189 MPa and 4 %, showing a reduction of 13 %, 26 % and 75 % compared with 6 

those of the uncorroded alloy, respectively. Apparently, the elongation to fracture suffers the 7 

greatest reduction. 8 

Fig. 8 reveals the surface appearance of Mg4Zn0.2Sn alloy after pre-corrosion for 3 days, 14 9 

days, 28 days and 42 days in salt spray. Notably, localized attack already occurs after only 3 10 

days, which becomes increasingly intense with further exposure in salt spray, indicated by the 11 

formation of more and more white corrosion product aggregates. 12 

Furthermore, the fracture surfaces after tensile tests were also examined to get an insight into 13 

the deterioration of mechanical properties under the influence of salt fog exposure, as shown 14 

in Fig. 9. The first, second and third columns display the overall fracture appearance in BSE 15 

images, enlarged fracture details in SE pictures and in BSE images, respectively. In 16 

accordance with the macroscopic morphologies in Fig. 8, the overall images of the fractures 17 

(Fig. 9a, 9d, 9g, 9j) show that thicker corrosion product layers are forming on the sample 18 

surfaces as the pre-corrosion duration prolongs. Meanwhile, localized corrosion cavities 19 

increase, expand and/or grow deeper inside the material. For the bare alloy (Fig. 9b), the 20 

fracture surface discloses a mixed characteristic, dominated by tear ridges with some dimples 21 

and cleavages. Similar fracture feature is also observed for the fracture surfaces of pre-22 

corroded Mg4Zn0.2Sn alloy (Fig. 9e, 9h and 9k) despite the corrosion attack by salt fog. 23 

However, more tear ridges and less dimples are noticed, especially after pre-corrosion for 28 24 

days, indicating that the fracture becomes less ductile but more brittle. In accordance with the 25 

microstructure revealed in Fig. 1b and 1c, a few bright particles are observed in the fracture 26 

surfaces when imaged by BSE mode (Fig. 9c, 9f, 9i, 9l). 27 

3.4 Fatigue and corrosion fatigue behavior 28 

The stress-life cycle (S-N) curves of Mg4Zn0.2Sn alloy tested in air, NaCl-DIW and NaCl-29 

ATW solutions are displayed in Fig. 10. In air, the fatigue lives extend moderately with the 30 

reduction of applied load and eventually reach the fatigue limit at a stress amplitude of 150 31 

MPa. A horizontal region exists from 105 to 107 cycles. When the samples are exposed to 32 

corrosive electrolytes (NaCl-DIW and NaCl-ATW solutions) under a stress level at or lower 33 

than the fatigue limit in air, the fatigue lives significantly decrease. Even under a much lower 34 
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stress amplitude (as low as 120 MPa), no fatigue limits are detected in the corrosive solutions. 1 

Additionally, it is worth noting that the S-N curve of Mg4Zn0.2Sn alloy in NaCl-DIW 2 

solution is highly scattered, while it is not the case in NaCl-ATW solution. This may be 3 

related to the varied corrosion performance of the alloy in these two solutions as revealed 4 

above. 5 

Fig. 11 depicts the fracture surfaces of Mg4Zn0.2Sn alloy after fatigue failure in air and in 6 

NaCl-DIW and NaCl-ATW solutions at a stress amplitude below the fatigue limit in air. The 7 

overall fracture morphologies shown in the first column (Fig. 11a, 11e and 11i) reveal three 8 

apparent regions: crack initiation region, crack propagation region and the overload tearing 9 

region. The yellow arrows in Fig. 11a, 11e and 11i indicate the direction of the crack 10 

propagation. The remained three columns display the three corresponding regions with 11 

enlarged details. Firstly, for the crack regions, dark aggregates (denoted by yellow arrows in 12 

Fig. 11b) seem to trigger the fatigue crack in air. While obvious corrosion pits (as revealed by 13 

the inserted pictures in Fig. 11f and 11j after removal of corrosion products) turn out to be the 14 

initiators of the cracks in NaCl solutions when the applied load was below the fatigue limit in 15 

air. This is especially apparent in NaCl-DIW solution when the specimen failed after a 16 

relatively long life cycle (about 24 h). EDS analysis in Fig. 12 demonstrates that those 17 

aggregates in Fig. 11b are rich in oxygen (O) and carbon (C) with a small amount of Ca, 18 

potassium (K), Cl, sulphur (S), and silicon (Si), which should be inclusions resulting from the 19 

raw materials or the casting procedure. Actually, when tested at the stress amplitude of the 20 

fatigue limit in air, cracks also initiate from those inclusions irrespective of the electrolytes. 21 

This indicates the accelerated fatigue cracking of the alloy or the magnified crack initiator 22 

roles of microstructural defects in corrosive solutions, which has been revealed in our 23 

previous study [39]. The crack propagation regions (Fig. 11c, 11g and 11k) show similar 24 

characteristics under different testing conditions, featured by brittle cleavages composed of 25 

fine steps. For the overload tearing regions, the fracture surfaces formed in air and in NaCl-26 

DIW solution are similar to the fracture surfaces after tensile tests, showing many tear ridges 27 

with a few dimples. In the case of NaCl-ATW solution, the corrosion products result in the 28 

less-defined surface morphology due to a delayed disassembly of the sample after fatigue 29 

failure. 30 

To understand the substantially scattered behavior of the S-N curve of Mg4Zn0.2Sn alloy in 31 

NaCl-DIW solution, the fracture surfaces formed after different fatigue life cycles at 120 32 

MPa were examined by SEM, as shown in Fig. 13. It is revealed that inclusions (indicated by 33 

yellow arrows) seem to trigger the cracks, resulting in the fast fatigue failure of the sample 34 
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due to the relatively high amount of those inclusions. While in the other cases, corrosion pits 1 

(indicated by red arrows) are the sources of fatigue cracks. More or bigger pits are formed 2 

when the sample failed after higher life cycles. 3 

4. Discussion 4 

Generally, in the process of hot extrusion, dynamic recrystallization, dynamic precipitation 5 

and plastic deformation occur concurrently. As a result, fine recrystallized grains, tiny 6 

precipitates and strong alignment of crystal orientation along basal plane (strong basal texture) 7 

would be developed [37]. Accordingly, an almost fully recrystallized microstructure with fine 8 

equiaxial grains and tiny second phases as well as the preferential orientation of basal plane 9 

parallel to the extrusion direction were revealed for the extruded Mg4Zn0.2Sn alloy. 10 

Mg alloys are prone to dissolution when exposed to aggressive electrolyte, for example, NaCl 11 

solution, due to the significantly electronegative potential of Mg and the inadequate corrosion 12 

protection ability of the surface film [44]. Moreover, the inhomogeneous chemical distribution 13 

of alloying elements (compositional inhomogeneity) in the microstructure can generate 14 

micro-galvanic effects, leading to localized corrosion or pitting corrosion [45]. The 15 

compositional inhomogeneity of the studied Mg4Zn0.2Sn alloy includes the formation of tiny 16 

second phases, the impurity particles and the segregation of alloying elements. 17 

In NaCl-DIW solution, all of those compositional inhomogeneity can contribute to localized 18 

corrosion behavior of the alloy. During immersion, the general dissolution process of Mg can 19 

be described as: 20 

Mg + 2H2O → H2 ↑ + Mg(OH)2 ↓                                                                                            (1) 21 

As a result, Mg(OH)2, besides a thin magnesium oxide (MgO) film formed in air (not 22 

detected by XRD in this study), is the predominant corrosion product formed in NaCl-DIW 23 

solution. However, the remaining solubility of the MgO/Mg(OH)2 surface film and the attack 24 

of aggressive chloride ions (Cl-) in the solution can result in some defects of the corrosion 25 

product film, thereby encouraging the occurrence of localized corrosion. The concomitant 26 

alkalization of the solution near the sample surface in return leads to the formation of 27 

Mg(OH)2. Consequently, a fluctuation of the impedance value was observed in NaCl-DIW 28 

solution. In this case, the electrochemical nature of the alloy dominates the corrosion 29 

behavior. 30 

In NaCl-ATW solution, in the presence of abundant calcium ions (Ca2+) and bicarbonate ions 31 

(HCO3
-), the precipitation of CaCO3, shown as following, is facilitated near the sample 32 

surface due to the alkalization of the solution resulting from Mg dissolution: 33 



 

 

11 

 

HCO3
- + OH- ↔ CO3

2- + H2O                                                                                                   (2) 1 

Ca2+ + CO3
2- → CaCO3 ↓                                                                                                          (3) 2 

Therefore, insoluble CaCO3 products precipitate on the top of the inner MgO/Mg(OH)2 layer. 3 

With extended exposure of the alloy to NaCl-ATW solution, the CaCO3 layer gradually 4 

grows to be more intact and thicker, which imparts good corrosion protection to the 5 

underlying substrate, giving rise to a continuously increasing and higher impedance values. 6 

As revealed by the EIS and immersion results, Mg4Zn0.2Sn alloy suffered from serious 7 

localized corrosion in NaCl solution. The initial fast dissolution of the substrate produces 8 

sufficient Mg2+ at the solution/alloy interface, which favors the CaCO3 crystallisation as 9 

aragonite instead of the thermodynamically stable calcite polymorph [46-51]. Formation of 10 

aragonite flowers on Mg alloys surface has been reported when pure Mg and ZM21 alloy are 11 

immersed in Ringer’s solution (containing CaCl2 and NaHCO3) 
[52]. In our previous study [53], 12 

we have revealed that mixed polymorphs of CaCO3 were formed on Mg alloy surface when 13 

immersed in tap water based NaCl solution. Thus, the single-phase product of aragonite 14 

formed in this study should be an outcome of two aspects: one is the poorer corrosion 15 

property of the currently studied Mg4Zn0.2Sn alloy; another is the much higher 16 

concentration of HCO3
- in the artificial tap water. 17 

The tensile properties of the present Mg4Zn0.2Sn alloy (TYS: 157 MPa, UTS: 254 MPa, 18 

elongation to fracture: 16 %) are comparable to those of commercial AZ series alloys [54]. 19 

Moreover, compared with the extruded Mg4ZnxSn (x= 1.0; 1.5; 2.0, in wt.%) alloys studied 20 

by Jiang et al. [22], our extruded Mg4Zn0.2Sn alloy possesses higher strength despite the 21 

much lower concentration of Sn, higher extrusion temperature (extrusion speed was not 22 

provided in the reference) and the missing possible strengthening effect of precipitated 23 

Mg2Sn phases in this study. With the strong basal texture, a high tensile strength would be 24 

reached when extruded Mg alloy is tensile tested parallel to the extrusion direction because of 25 

the low Schmid factor for extension twinning and basal slip. In contrast, deformation 26 

twinning is readily operative due to the compression along the basal plane when the alloy is 27 

compressively tested along the extrusion direction, giving rise to low compressive strength 28 

[37]. As such, a significant mechanical anisotropy (TYS/CYS) is revealed for the extruded 29 

Mg4Zn0.2Sn alloy. 30 

With pre-corrosion for the sample before the tensile test, the actual sectional area for tensile 31 

test would decrease because of the dissolution of the material, as disclosed by the overall 32 

fracture surfaces in the first column of Fig. 9. This case became more severe with prolonged 33 

exposure of the alloy to salt spray, leading to the gradual reduction of the tensile properties. 34 
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In addition, the occurrence of localized corrosion can induce stress concentration at those 1 

corroded places, which favors the formation of cracks and embrittlement during tensile test. 2 

Moreover, the byproduct hydrogen resulting from the dissolution of the substrate can 3 

additionally induce embrittlement. As a result, after pre-corrosion for 28 days, the tensile 4 

properties of Mg4Zn0.2Sn alloy were significantly deteriorated. 5 

Under cyclic loading in air, cracks can be initiated from microstructural defects, such as 6 

inclusions and micro-pores from the manufacturing process, intermetallics and slip bands etc. 7 

[4, 55, 56], leading to the fatigue failure of the material. Considering the tiny size of the second 8 

phases in Mg4Zn0.2Sn alloy, inclusions were identified to be the crack triggers in air. In 9 

corrosive environment, both corrosion pits and those pre-existing microstructural defects can 10 

lead to fatigue cracking [56]. Moreover, the fatigue failure of the material can be accelerated 11 

due to the combined effect of fatigue and environment. Besides, the crack initiation role of 12 

the microstructural defects can be magnified. At high stress amplitude, microstructural 13 

defects can dominate as crack initiators because there is no enough time for the corrosion pits 14 

to develop into the critical size for fatigue cracking. As a result, Mg4Zn0.2Sn alloy failed 15 

quickly in both corrosive electrolytes and inclusions were identified as crack initiators when 16 

tested at the stress amplitude of the fatigue limit in air (150 MPa). Lower stress amplitude 17 

allows longer testing duration (longer fatigue life of the material). The persistent cyclic 18 

loading would damage the surface film, thereby facilitating the penetration of aggressive 19 

electrolytes towards the inner substrate and favoring the formation of localized corrosion pits. 20 

Under such circumstance, the crack propagation rate accelerated by the corrosion pits is much 21 

faster than that facilitated by the inclusions once they grow into the critical size. 22 

Consequently, corrosion pits turned out to be the crack triggers when Mg4Zn0.2Sn alloy was 23 

tested below 150 MPa in both solutions. Given the poor chemical inhomogeneity, especially 24 

the segregation of elements, and the consequent poor corrosion property, the fatigue 25 

resistance of Mg4Zn0.2Sn alloy is really sensitive in NaCl-DIW solution due to the active 26 

dissolution of the material, exhibiting a quite scattered behavior even when the load was low. 27 

Besides, the non-protective surface layer formed in NaCl-DIW also contributes to the poor 28 

fatigue resistance of Mg4Zn0.2Sn alloy in the solution. In comparison, in NaCl-ATW 29 

solution, the dissolution of the alloy was sufficiently retarded owing to the formation of an 30 

additional protective CaCO3 layer. Accordingly, the fatigue life of the alloy is much less 31 

scattered and longer compared to that in NaCl-DIW solution. 32 

5. Conclusion 33 
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In this study, the corrosion performance, corrosion fatigue behavior and mechanical integrity 1 

of an extruded Mg4Zn0.2Sn alloy were comprehensively investigated. Our studied alloy 2 

exhibited higher tensile strength than those reported Mg4ZnxSn alloys with higher content of 3 

Sn. The significant compositional inhomogeneity resulted in the poor corrosion behavior of 4 

the alloy, i.e. severe localized corrosion in deionized water based NaCl solution. Such poor 5 

corrosion property consequently gave rise to the fast deterioration of tensile properties after 6 

pre-corrosion in salt spray and poor fatigue resistance in deionized water based NaCl solution. 7 

However, in artificial tap water based NaCl solution, the dissolution of the alloy was 8 

significantly suppressed due to the formation of a highly protective corrosion product layer of 9 

CaCO3, which also improved the corrosion fatigue behavior of the alloy in this solution 10 

compared to the deionized water based solution. 11 
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Figure and table captions 1 

Table 1 Mechanical properties of Mg4Zn0.2Sn alloy at room temperature. 2 

Table 2 Mechanical properties of pre-corroded Mg4Zn0.2Sn alloy at room temperature. 3 

Fig. 1. Microstructure of Mg4Zn0.2Sn alloy examined by (a) OM and (b, c) SEM in BSE 4 

mode along the extrusion direction. (d) The inverse pole figure parallel to the extrusion 5 

direction of Mg4Zn0.2Sn alloy (left: <0001>, upper right: <11-20>, lower right: <10-10>). 6 

Fig. 2. Bode plots of the EIS spectra of Mg4Zn0.2Sn alloy tested in (a, b) NaCl-DIW and (c, 7 

d) NaCl-ATW solutions. 8 

Fig. 3. Polarization curves of Mg4Zn0.2Sn alloy measured in NaCl-DIW and NaCl-ATW 9 

solutions. 10 

Fig. 4. Surface and cross section morphologies of Mg4Zn0.2Sn alloy after immersion in (a, c) 11 

NaCl-DIW and (b, d) NaCl-ATW solutions for 48 h. 12 

Fig. 5. XRD analysis for the compositions of corrosion products formed on Mg4Zn0.2Sn 13 

alloy surface after immersion in NaCl-DIW and NaCl-ATW solutions for 48 h. 14 

Fig. 6. Engineering tensile and compressive strain-stress curves of Mg4Zn0.2Sn alloys tested 15 

at room temperature. 16 

Fig. 7. (a) Tensile stress-strain curves of Mg4Zn0.2Sn alloy after pre-corrosion in salt spray 17 

for different time and (b) variation of tensile mechanical properties with pre-corrosion 18 

duration. 19 

Fig. 8. Macroscopic surface morphologies of Mg4Zn0.2Sn alloy imaged by optical 20 

microscope after salt spray for different time. 21 

Fig. 9. SEM fracture surfaces of Mg4Zn0.2Sn alloy after tensile tests at room temperature (a, 22 

b, c) without exposure to salt spray and with exposure to salt spray for (d, e, f) 3 days, (g, h, i) 23 

14 days and (j, k, l) 28 days. 24 

Fig. 10. Stress-life (S-N) curves of Mg4Zn0.2Sn alloy measured in air, NaCl-DIW and NaCl-25 

ATW solutions. 26 

Fig. 11. Fatigue fractography of Mg4Zn0.2Sn alloy after fatigue tests under stress amplitude 27 

of (a, b, c, d) 155 MPa (27476.5 cycles) in air, (e, f, g, h) 120 MPa (2620869 cycles) in NaCl-28 

DIW solution and (i, j, k, l) 125 MPa (1976289 cycles) in NaCl-ATW solution 29 

Fig. 12. Typical EDS analysis result of the inclusions in the fracture of Mg4Zn0.2Sn alloy 30 

after fatigue tests in air. 31 

Fig. 13. Fracture surfaces of Mg4Zn0.2Sn alloy after corrosion fatigue tests in NaCl-DIW 32 

solution under stress amplitude of 120 MPa (failed after different cycles). 33 

 34 
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 3 

Table list: 4 

Table 1 Mechanical properties of Mg4Zn0.2Sn alloy at room temperature. 5 

Tensile property Compressive property 

TYS/CYS 
0.2% TYS / MPa UTS / MPa 

Elongation 

/ % 
0.2% CYS / MPa UCS / MPa 

157 ± 0 254 ± 1 16 ± 1 80 ± 0 357 ± 2 2.0 

 6 

Table 2 Mechanical properties of pre-corroded Mg4Zn0.2Sn alloy at room temperature. 7 

Salt spray 

duration / 

day 

Tensile property 

0.2% TYS / MPa UTS / MPa Elongation / % 

0 157 ± 0 254 ± 1 16 ± 1 

3 156 ± 1 248 ± 2 11 ± 1 

7 153 ± 2 237 ± 7 10 ± 3 

14 149 ± 2 216 ± 10 7 ± 1 

28 136 ± 5 189 ± 2 4 ± 1 

 8 

 9 

Figure list: 10 
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 1 

Fig. 1. Microstructure of Mg4Zn0.2Sn alloy examined by (a) OM and (b, c) SEM in BSE 2 

mode along the extrusion direction. (d) The inverse pole figure parallel to the extrusion 3 

direction of Mg4Zn0.2Sn alloy (left: <0001>, upper right: <11-20>, lower right: <10-10>). 4 

 5 

 6 
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Fig. 2. Bode plots of the EIS spectra of Mg4Zn0.2Sn alloy tested in (a, b) NaCl-DIW and (c, 1 

d) NaCl-ATW solutions. 2 

 3 

 4 

Fig. 3. Polarization curves of Mg4Zn0.2Sn alloy measured in NaCl-DIW and NaCl-ATW 5 

solutions. 6 

 7 

 8 
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Fig. 4. Surface and cross section morphologies of Mg4Zn0.2Sn alloy after immersion in (a, c) 1 

NaCl-DIW and (b, d) NaCl-ATW solutions for 48 h. 2 

 3 

 4 

Fig. 5. XRD analysis for the compositions of corrosion products formed on Mg4Zn0.2Sn 5 

alloy surface after immersion in NaCl-DIW and NaCl-ATW solutions for 48 h. 6 

 7 

 8 

Fig. 6. Engineering tensile and compressive strain-stress curves of Mg4Zn0.2Sn alloys tested 9 

at room temperature. 10 

 11 
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 1 

Fig. 7. (a) Tensile stress-strain curves of Mg4Zn0.2Sn alloy after pre-corrosion in salt spray 2 

for different time and (b) variation of tensile mechanical properties with pre-corrosion 3 

duration. 4 

 5 

 6 

Fig. 8. Macroscopic surface morphologies of Mg4Zn0.2Sn alloy imaged by optical 7 

microscope after salt spray for different time. 8 
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 1 

 2 

Fig. 9. SEM fracture surfaces of Mg4Zn0.2Sn alloy after tensile tests at room temperature (a, 3 

b, c) without exposure to salt spray and with exposure to salt spray for (d, e, f) 3 days, (g, h, i) 4 

14 days and (j, k, l) 28 days. 5 
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 1 

Fig. 10. Stress-life (S-N) curves of Mg4Zn0.2Sn alloy measured in air, NaCl-DIW and NaCl-2 

ATW solutions. 3 

 4 

 5 

Fig. 11. Fatigue fractography of Mg4Zn0.2Sn alloy after fatigue tests under stress amplitude 6 

of (a, b, c, d) 155 MPa (27476.5 cycles) in air, (e, f, g, h) 120 MPa (2620869 cycles) in NaCl-7 

DIW solution and (i, j, k, l) 125 MPa (1976289 cycles) in NaCl-ATW solution 8 

 9 
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 1 

Fig. 12. Typical EDS analysis result of the inclusions in the fracture of Mg4Zn0.2Sn alloy 2 

after fatigue tests in air. 3 

 4 

 5 

Fig. 13. Fracture surfaces of Mg4Zn0.2Sn alloy after corrosion fatigue tests in NaCl-DIW 6 

solution under stress amplitude of 120 MPa (failed after different cycles). 7 

 8 


