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Abstract: This study aims to elucidate the effect of LPSO phases on the corrosion behavior of magnesium alloys 
through experimental design. The microstructure and corrosion behavior of four Mg−Zn−Y alloys designed according 
to the minimum structural unit for forming the 18R-LPSO phase, i.e. Zn/Y=3/4 (molar ratio), were studied in a 
comparative manner. The results showed that the alloys mainly contained α-Mg and 18R-LPSO phases, and the volume 
fraction of the 18R-LPSO phase increased with the increase of Zn and Y contents. The volume fraction of the 
18R-LPSO phase in the four alloys was, in sequence, 16.55%, 34.45%, 54.24% and 70.36%, and the spatial distribution 
of the 18R-LPSO phase also changed from discrete blocks to continuous networks. When the volume fraction was 
about 50%, the corrosion resistance of the alloy was the best. When the volume fraction was greater than or less than 
50%, the corrosion resistance of the alloy decreased. 
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1 Introduction 
 

Magnesium alloy is currently the lightest metal 
structural material in the world, with its density 
being about 2/3 that of aluminum alloy and 1/4 that 
of steel. As a result, magnesium alloys are attractive 
for structural systems, especially in the aerospace 
and automotive industry. However, there are many 
problems in the application of magnesium alloys, 
such as poor deformability at room temperature, 
high susceptibility to corrosion attack, and relatively 
low strength and ductility [1−5]. In recent years, the 
discovery of long period stacking ordered (LPSO) 
phases provides an opportunity to solve the key 
problems of magnesium alloys [6−10].  

Mg−Zn−Y alloy system has attracted much 
attention because of its good casting and 
mechanical properties. Most importantly, it is one 
of the typical magnesium alloy systems containing 

LPSO phases [11,12]. In recent years, much work 
regarding the strengthening and toughening 
mechanism of LPSO phases have been carried out 
to improve the mechanical properties of magnesium 
alloys. HAGIHARA et al [13] found that, in an 
extruded Mg97Y2Zn1 alloy, the 18R-LPSO phase 
(with a volume fraction of 24%) and the (0001) 
base plane of the alloy matrix were parallel to the 
extrusion direction, which effectively improved the 
strength of the alloy. Its strengthening mechanism is 
comparable to that of short fiber reinforced 
composite materials. GARCES et al [14] confirmed 
that, if the load was aligned with the fiber direction 
(extrusion direction), the elongated fibrous LPSO 
phase was equivalent to the reinforcement in the 
metal matrix composite. When subjected to tensile 
stress, the α-Mg grain could transfer part of the load 
to the LPSO phase, consequently, the local load on 
the LPSO phase would be higher than the 
macroscopic stress imposed on the alloy. 
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In addition to mechanical properties, 
researchers recently have also done much work on 
the relationship between the LPSO phase and the 
corrosion behavior of magnesium alloys. For 
instance, LIU et al [15] showed that the LPSO 
phase could significantly improve the corrosion 
resistance of Mg−Gd−Zn−Zr alloys. They believed 
that micro-galvanic corrosion was the main 
corrosion mechanism of the alloy, and the local 
potential and the volume fraction of the second 
phase determined the degree of micro-galvanic 
corrosion. WANG et al [16] immersed the forged 
MgGd6Y2Zn1Zr10.3 alloy in 0.1 mol NaCl 
solution for 120 h and found that the LPSO phase 
acted as the cathode accelerating the micro-galvanic 
corrosion, thereby reducing the corrosion resistance 
of the alloy. SRINIVASAN et al [17] showed that 
the layered LPSO phase in the as-cast MgGd10Znx 
(x=2, 6 wt.%) alloy promotes the filiform corrosion, 
resulting in decreased corrosion resistance. WANG 
et al [18] showed that Mg−Y−Zn alloy with either 
18R-LPSO or 14H-LPSO phase has better 
corrosion performance than alloys with both 
18R-LPSO and 14H-LPSO phases. 

The literature review suggests that the 
influence of the LPSO phase on the corrosion 
resistance of magnesium alloys varies with the alloy 
system, the type and distribution of the LPSO  
phase. This is probably why there are many 
arguments regarding the effect of LPSO phase on 
the corrosion behavior of magnesium alloys. 
Therefore, in this work, four Mg−Zn−Y alloys were 
designed according minimum structural unit for 
forming the 18R-LPSO phase, i.e. Zn/Y=3/4 (molar 
ratio) [19,20]. On this basis, the corrosion behavior 
of the four Mg−Zn−Y alloys, namely MgZn0.5Y0.67, 
MgZn1Y1.33, MgZn2Y2.66 and MgZn3Y3.99, in 
3.5 wt.% NaCl solution was comparatively studied. 
Based on the evolution of the volume fraction and 
morphology of 18R-LPSO phase in Mg−Zn−Y 
alloys, the mechanism of LPSO phase on the 

corrosion behavior of magnesium alloys was 
discussed. 
 
2 Experimental 
 
2.1 Material preparation 

The four different types of Mg−Y−Zn alloys 
were produced by casting from pure magnesium 
(purity of 99.99%) and MgY21.5 master alloy. 
According to the design ratio of Zn/Y molar ratio  
of 3/4 for each batch, the pure magnesium and the 
master alloy were put into a stainless steel crucible 
and then heated in a resistance furnace. The CO2 + 
SF6 gas mixture was introduced into the entire 
melting process as a protective atmosphere. The 
cast alloy was obtained by keeping the melt at  
750 ℃ for 25 min and then cooled in a salt water 
bath. The composition and designation of the 
as-cast alloys are as follows: MgZn0.5Y0.67, 
MgZn1Y1.33, MgZn2Y2.66 and MgZn3Y3.99 (at.%, 
denoted as 1#, 2#, 3# and 4# alloys respectively). 
The specific ingredients are shown in Table 1. 
Samples for microstructural characterization, 
electrochemical measurements and immersion tests 
were prepared from the ingots. Each sample was 
sequentially ground with sandpapers from 320# to 
3000#, ultrasonically cleaned in distilled water, and 
then dried in cool air. 

 
2.2 Microstructure observation 

Samples for microstructural observation were 
first mechanically ground and then electrochemically 
polished in commercial ACII solution, under a 
constant voltage of 20 V, at −30 °C, for ~220 s. The 
microstructure was observed using Zeiss Sigma HD 
field emission gun scanning electron microscope 
(FEG-SEM) equipped with an energy dispersive 
X-ray spectrometer (EDS). For phase analysis, 
X-ray diffraction (XRD) with Cu Kα radiation was 
performed, and MDI Jade 5.0 software was used to 
analyze the obtained XRD patterns. 

 
Table 1 Chemical compositions of Mg−Zn−Y alloys (wt.%) 

Alloy Zn Y Gd Si Ca Fe Mn Ni Mg 

1# 1.2933 1.6002 0.0429 0.0354 0.0204 0.0149 0.0119 − Bal. 

2# 2.1952 3.0685 0.0859 0.0463 0.0419 0.0192 0.0117 − Bal. 

3# 4.1962 7.4271 0.1522 − 0.073 0.0234 0.0145 0.053 Bal. 

4# 6.5724 10.6979 0.2446 0.036 0.1272 0.0299 0.015 0.0665 Bal. 
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2.3 Immersion test 
The immersion test was carried out in 

3.5 wt.% NaCl solution at room temperature. 
During the immersion process, a stereo microscope 
(SMZ, SZN71) was used to observe and record the 
macroscopic corrosion morphology of the sample 
surface. Further, the hydrogen evolution test and 
mass loss test were performed on parallel samples 
immersed in 3.5 wt.% NaCl solution at room 
temperature for 24 h. The corrosion products of 
selected samples were removed by immersing the 
samples in a mixed solution containing 200 g/L 
chromic acid and 10 g/L of AgNO3 according to the 
national standard GB/T16545— 1996 [21]. The 
surface and cross-sectional morphology of the 
samples were observed by FEG-SEM. The cross 
sections of the samples were prepared by 
ultramicrotomy (Leica Ultracut). 
 
2.4 Electrochemical measurements 

Electrochemical measurements were carried 
out on a Gamry Reference 3000 potentiostat at 
room temperature in 3.5 wt.% NaCl solution. The 
sample, a platinum plate and a saturated calomel 
electrode were used as the working electrode, 
counter electrode and reference electrode, 
respectively. Prior to potentiodynamic polarization 
and electrochemical impedance spectroscopy tests, 
the open circuit potential (OCP) of the alloy was 

measured for a minimum of 5 min to establish an 
approximately steady state. 
 
3 Results 
 
3.1 Microstructure analysis 

Backscattered electron (BSE) micrographs and 
XRD patterns of the as-cast 1#, 2#, 3# and 4# alloys 
are shown in Figs. 1 and 2, respectively. As seen in 
Fig. 1, the alloys are composed of Mg matrix with 
the dark contrast and second phases with light 
contrast. According to the XRD analysis shown in 
Fig. 2, the main second phase is Mg12ZnY (LPSO) 
phase, and the white particles (indicated by the red 
ellipses) are Mg24Y5 phase. According to the 
literature [22], the LPSO phase in the selected alloy 
system is 18R type. The morphology of the 
18R-LPSO phase changed gradually from discrete 
blocks to continuous networks with the increase of 
Zn and Y contents. The volume fractions of the 
18R-LPSO phase in the four alloys were estimated 
to be 16.55%, 34.45%, 54.24% and 70.36%, 
respectively. 

 
3.2 Corrosion behavior during immersion test 

Figure 3 shows surface morphology of the 
alloys recorded in-situ when they were immersed in 
3.5 wt.% NaCl solution for 2, 10, 30 and 60 min, 
respectively. After immersion for 2 min, there were  

 

 
Fig. 1 Backscattered electron micrographs of as-cast Mg−Zn−Y alloys with different compositions: (a) Alloy 1#; 
(b) Alloy 2#; (c) Alloy 3#; (d) Alloy 4#  
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Fig. 2 Calibration of XRD patterns of four as-cast Mg− 
Zn−Y alloys 
 
large number of gas bubbles uniformly formed on 
the surfaces of the 1#, 2# and 3# alloys. Although 
there were relatively less gas bubbles on the surface 
of the 4# alloy, there were several stable gas 
columns (as indicated by the arrows). The bubbles  

are hydrogen gas bubbles resulting from corrosion 
attack of the alloys. The formation of gas bubbles 
on the sample surface indicated that uniform 
corrosion occurred on the alloy surface and the 
corrosion rate was low. The decreased number of 
gas bubbles and the formation of gas columns on 
the surface of the 4# alloy indicated that localized 
corrosion started to develop on the alloy. In other 
words, localized corrosion occurred in 4# alloy 
even at the initial stage of immersion. When the 
immersion time was extended to 10 min, the 
number of gas bubbles on the surface of 1#, 2# and 
3# alloys decreased and the size of the bubbles 
increased, particularly for the 1# alloy. In addition, 
severe localized corrosion sites were observed on 
1# and 2# alloys (as indicated by the arrow). At this 
moment, no localized corrosion sites were observed 
on the surface of the 3# alloy. For the 4# alloy, 
although the localized corrosion sites that were 
initiated earlier did not propagated further, new 
localized corrosion sites appeared in other locations. 
After immersion for 30 min, the number and size of 

 

 
Fig. 3 Macroscopic corrosion morphologies of four alloys in 3.5 wt.% NaCl solution 
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the gas bubbles on the surface of 1# and 2# alloys 
decreased further, which was accompanied by 
significant propagation of localized corrosion. At 
this moment, localized corrosion started to appear 
on the 3# alloy. Although new localized corrosion 
sites appeared on the surface of the 4# alloy after 
immersion for 30 min, the propagation rate of these 
localized corrosion sites was not as serious as other 
samples. After immersion for 60 min, the gas 
bubbles on the surfaces of all the samples almost 
completely disappeared. Meanwhile localized 
corrosion propagated further, which was 
accompanied by strong gas evolution at the 
localized corrosion sites. At this moment, the 
uniform corrosion on the surface of the alloy topped, 
and the corrosion event was completely governed 
by localized corrosion. 

To further evaluate the corrosion resistance of 
the cast Mg−Zn−Y alloys, hydrogen evolution test 
and mass loss test were carried out, with the results 
shown in Fig. 4. According to Fig. 4, 4# alloy 
showed the highest corrosion rate, followed by 2# 
and 1# alloys; and 3# alloy showed the lowest 
corrosion rate. Besides, it can be seen from 
Figs. 4(a) and (b) that the initial corrosion rates of 
the four alloys were relatively low and the 
corrosion began to accelerate after immersion for 
4 h. It was noted that the long-term corrosion 
behavior shown in Fig. 4 was slightly different from 
the short-term corrosion behavior suggested in 
Fig. 3. This will be discussed later. 

In order to understand the corrosion 
mechanism of the alloys during the immersion test, 
the surface morphology of the sample surface after 
immersion was observed by SEM (the corrosion 
products were removed). Figure 5 shows a typical 
SEM image of the 1# alloy after immersion in 
3.5 wt.% NaCl solution for 30 min, at low 
magnification. The Mg matrix was relatively 
smooth, with some filamentous features connecting 
LPSO phases where localized corrosion occurred. 
At increased magnification (the inset in Fig. 5), it 
was found that there were some nano-scale pits on 
the alloy matrix, and the filamentous features were 
actually some shallow and long grooves. Based on 
the observation in Figs. 3 and 5, it can be inferred 
that uniform corrosion occurred on the alloy surface 
in the early stages of the immersion test, leading to 
the formation of a corrosion products layer on   
the alloy surface. At the same time, the galvanic 

 

 
Fig. 4 Hydrogen evolution and mass loss of four alloys 
in 3.5 wt.% NaCl solution: (a) 24 h hydrogen evolution; 
(b) 8 h hydrogen evolution; (c) 24 h mass loss  
 

 
Fig. 5 SEM image showing corrosion morphology of 
MgZn0.5Y0.67 alloy after immersing in 3.5 wt.% NaCl 
solution for 30 min 
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coupling effect between the LPSO phase and the 
alloy matrix promoted the initiation of local 
corrosion. When the corrosion products layer 
reached a critical thickness, it provided necessary 
conditions for the initiation of filiform corrosion, 
probably around the LPSO phase where the 
corrosion event proceeded faster as a result of the 
galvanic corrosion. This explains why the 
filamentous features always connected with the 
corroded LPSO phase. The same corrosion 
morphology was not observed on other alloys (2#, 
3# and 4#) after immersion for 30 min. This is 
probably because the corrosion products layer on 
the surfaces of 2#, 3# and 4# alloys did not reach 
the critical thickness at that moment, and therefore 
did not trigger typical filiform corrosion. 

Figure 6 compares the SEM images of the four 
alloys after immersion in 3.5 wt.% NaCl solution 
for 30 min, in regions free of severe localized 
corrosion. The corrosion morphology of 1# and 2# 
alloys was different from that of 3# and 4# alloys. 
For 1# and 2# alloys, small corrosion pits were 
observed between or in the vicinity of the LPSO 
phase. Besides, there were almost no traces of 
mechanical polishing on the surfaces of 1# and 2# 
alloys. According to Fig. 3, it is believed that the 
corrosion event was mainly governed by uniform 
corrosion for 1# and 2# alloys, except for weak 

galvanic corrosion associated with the LPSO phase. 
For 3# and 4# alloys, however, evident mechanical 
polishing traces were observed on the surfaces of 
the LPSO phase and the corrosion event mainly 
took place in the alloy matrix, suggesting that the 
change in volume fraction of the LPSO phase 
greatly changed the corrosion behavior of the 
alloys. 

Figure 7 shows typical SEM images of the 
four alloys after immersion in 3.5 wt.% NaCl 
solution for 30 min, in the regions with severe 
localized corrosion. Generally speaking, the alloy 
matrix was preferentially attacked relative to the 
LPSO phase at localized corrosion sites, regardless 
of the difference in volume fraction of the LPSO 
phase. This is because the electrode potential of the 
LPSO phase is more positive than that of 
magnesium matrix [23]. Therefore, the LPSO phase 
will work as the cathode in the galvanic corrosion 
process, accelerating anodic dissolution of the 
magnesium matrix which works as the anode. 
Interestingly, it is noted that many LPSO phase 
blocks have lamellar corrosion morphology. This is 
because the atoms in the LPSO phase are in 
lamellar arrangement, and the Y/Zn-rich lamella are 
electropositive relative to the Mg-rich lamella and 
will promote anodic dissolution of the latter. In 
other words, although the LPSO phase generally  

 

 
Fig. 6 SEM images of four alloys after immersion in 3.5 wt.% NaCl solution for 30 min (in regions free of severe 
localized corrosion): (a) 1#; (b) 2#; (c) 3#; (d) 4#  
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acted as the cathode relative to the magnesium 
matrix in the corrosion cell, selective corrosion 
could also occur within the LPSO phase due to the 
uneven distribution of alloying elements in the 
LPSO phase. 

As revealed in Fig. 7, both the magnesium 
matrix and the LPSO phase underwent corrosion 
attack during the immersion process. In order to 

further understand the corrosion behavior of the 
four alloys, the cross sections of the alloys after 
immersion in 3.5 wt.% NaCl solution for 30 min 
(without removing corrosion products) were 
observed (Fig. 8). On the surfaces of 1# and 2# 
alloys, a corrosion product layer of about 1.2 μm in 
thickness was formed, which was mainly resulted 
from uniform corrosion of the magnesium matrix. 

 

 
Fig. 7 Microscopic corrosion morphologies of four alloys after immersion in 3.5 wt.% NaCl solution for 30 min (in 
regions with severe localized corrosion): (a) 1#; (b) 2#; (c) 3#; (d) 4# 
 

 
Fig. 8 Cross-sectional morphologies of four alloys after immersion in 3.5 wt.% NaCl solution for 30 min: (a) 1#; (b) 2#; 
(c) 3#; (d) 4# 
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There were corrosion trenches around the LPSO 
phase (insets in Figs. 8(a) and (b)), confirming that 
the LPSO phase accelerated anodic dissolution of 
the magnesium matrix. Figure 8(c) shows the 
typical cross-sectional morphology of 3# alloy. The 
corrosion products layer on the magnesium matrix 
was much thinner compared with that on 1# and 2# 
alloys, suggesting that uniform corrosion proceeded 
more slowly on the 3# alloy. Interestingly, localized 
corrosion proceeded along a specific direction 
within the LPSO phase (as indicated by the arrow in 
Fig. 8(c)). This is due to selective corrosion attack 
of the Mg-rich layers in the LPSO phase. Figure 8(d) 
shows the typical cross-section morphology of the 
4# alloy, revealing that the alloy matrix exposed to 
the specimen surface was seriously corroded and 
the corrosion fronts finally stopped at the Mg/LPSO 
phase interface. Again, selective corrosion of the 
LPSO phase occurred along a specific direction (as 
indicated by the arrow in Fig. 8(d)). 
 
3.3 Electrochemical analysis 

Figure 9(a) shows the open circuit potential 
(OCP) of the four alloys recorded during immersion 
in 3.5 wt.% NaCl solution for up to 1800 s. The 
OCPs of 1# and 2# alloys increased rapidly      
in the first 300 s, then decreased slowly before 
stabilization. In contrast, the OCPs of 3# and 4# 
alloys increased rapidly in the first 100 s and then 
increased at reduced rates in the next 700 s before 
final stabilization. The finally stabilized OCPs 
decreased in order from 4# to 3#, 2# and 1# alloys 
(Table 2). For a bare alloy, the rapid increase of the 
OCP in the initial stages of immersion corresponds 
to the formation a corrosion products layer on the 
alloy surface [24]. The increasing rate of the OCP 
vs. immersion time reflects the formation rate of the 
corrosion products layer (mainly as a consequence 
of uniform corrosion). Therefore, it can be inferred 
from Fig. 9(a) that the corrosion products layers on 
the surface of 1# and 2# alloys were formed faster 
and consequently thicker than that on 3# and 4# 
alloys. This is consistent with the observation in 
Figs. 3 and 8. With increase of the immersion time, 
the corrosion event on the alloy surface began to 
change from uniform corrosion to severe localized 
corrosion (usually revealed as macroscopic pits). 
Consequently, a dynamic equilibrium state between 
formation and breakdown of the corrosion products 
layer was reached, leading to stabilization of the 

 

 
Fig. 9 Open circuit potential (a) and potentiodynamic 
polarization curves (b) of four alloys in 3.5wt.% NaCl 
solution 
 
Table 2 Stable open circuit voltages of four alloys after 
immersing in 3.5 wt.% NaCl solution for 30 min 

Alloy Open circuit voltage/V 

1# −1.64±0.005 

2# −1.62±0.005 

3# −1.60±0.005 

4# −1.58±0.005 

 
OCPs. For 1# and 2# alloys, it took about 300 s to 
reach the highest OCP, suggesting that the severe 
localized corrosion was initiated after 300 s of 
immersion. For 3# and 4# alloys, however, it took 
about 800 s to reach the highest OCP, suggesting 
that the severe localized corrosion was initiated in 
relatively later stages compared with 1# and 2# 
alloys. This is consistent with macroscopic 
corrosion morphology observation in Fig. 3. The 
relatively low increasing rate of the OCP between 
100 and 800 s, for 3# and 4# alloys, was probably 
related to the increased volume fraction of LPSO 
phase. For the two alloys, the volume fraction of the 
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LPSO phase was more than 50%. Therefore, the 
LPSO phase would also greatly influence the OCP. 
As shown in Fig. 8, there were almost no corrosion 
products on the surface of the LPSO phase except 
localized corrosion occurred between the lamella of 
the LPSO phase. Therefore, the contribution of the 
LPSO phase to the increase of the OCP was much 
less than that of the Mg matrix, leading to lower 
increasing rate of the OCP. The value of the finally 
stabilized OCP was related to the mixed potential of 
the alloy surface. Since the standard electrode 
potential of Y/Y3+ (−2.37 V) is similar to that of 
Mg/Mg2+ (−2.37 V), while the standard electrode 
potential of Zn/Zn2+ (−0.76 V) is much higher than 
that of the other two elements, the higher the Zn 
content in the alloy, the higher the mixing potential 
on the alloy surface would be. 

Figure 9(b) shows the potentiodynamic 
polarization curves of the four alloys in 3.5 wt.% 
NaCl solution. The corrosion potentials and 
corrosion current densities of the four alloys 
obtained by Tafel fitting are listed in Table 3. 
According to Fig. 9(b) and Table 3, the 3# and 4# 
alloys showed better corrosion resistance than 1# 
and 2# alloys, which is consistent with the 
immersion test. Additionally, the cathodic current 
densities of 3# and 4# were smaller than those of 1# 
and 2# alloys. The is probably related to the fast 
formation of the corrosion product layer on the 1# 
and 2# alloys. 
 
Table 3 Corrosion potentials and corrosion current 
densities of four alloys obtained by Tafel fitting of 
potentiodynamic polarization curves 

Alloy φcorr(vs SCE)/V Jcorr/(A·cm−2) 

1# −1.454±0.002 (1.73±0.05)×10−5 

2# −1.453±0.002 (2.80±0.05)×10−5 

3# −1.475±0.002 (4.32±0.05)×10−6 

4# −1.478±0.002 (5.42±0.05)×10−6 

 
Figure 10 shows the electrochemical 

impedance spectra of the four alloys after 
immersion in 3.5 wt.% NaCl solution for 5 min. 
The equivalent circuit shown in Fig. 11 was used to 
fit the electrochemical impedance spectra. Rs refers 
to the solution resistance, Rct and Qdl refer to the 
charge transfer resistance from the alloy surface  
to the solution and the double electric layer 
capacitance at the interface between magnesium 

 

 
Fig. 10 Electrochemical impedance spectra of four  
alloys in 3.5 wt.% NaCl solution: (a) Nyquist diagram;  
(b) Bode diagram 
 

 

Fig. 11 Equivalent circuit used to fit EIS shown in 
Fig. 10 
 
matrix and solution (capacitance ring in the high 
frequency region). Q is a constant phase element 
defined by two parameters of Y and n, replacing the 
ideal capacitor to compensate for the heterogeneity 
on the alloy surface. Q represents a capacitor when 
n=1 and a resistance when n=0. Rf and Qf are film 
resistor and capacitor (capacitor rings in the 
mid-frequency region), respectively. The inductor L 
and resistor RL describe the resistance (inductance 
ring in low frequency region) that breaks down the 
protective film under the influence of adsorption 
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reaction of Mg2+ and H2O, reflecting the onset of 
localized corrosion. The values of each component 
after fitting are shown in Table 4. The Rct value 
decreased in order as 3# > 4# > 1# > 2#, suggesting 
that 3# alloy had the lowest corrosion rate while 2# 
alloy had the highest corrosion rate; the Rf value 
decreased in order as 1# > 2# > 4# > 3#, suggesting 
that 1# alloy had the thickest corrosion products 
layer while 3# alloy had the thinnest corrosion 
products layer. The EIS results well agree with the 
immersion test and the potentiodynamic 
polarization test. 
 
4 Discussion 
 

In this work, according to the formation of the 
minimum structural unit of the 18R-LPSO phase, 
namely Zn/Y=3/4, four Mg−Zn−Y alloys were 
designed by changing the absolute contents of Zn 
and Y. Through the design, the composition of the 
magnesium solid solution was similar while the 
volume fraction of the 18R-LPSO phase increased 
with the increase of the alloying contents. 
Consequently, the influence of different volume 
fractions of the 18R-LPSO phase on the corrosion 
behavior of Mg−Zn−Y alloys could be investigated 
by comparing the corrosion behavior of the four 
alloys. 

When the volume fraction of the LPSO phase 
is relatively small (e.g. 1# and 2# alloys), the LPSO 
phase mainly exists in form of discrete blocks, and 
the corrosion process of the alloy is mainly 
controlled by the corrosion process of the 
magnesium solid solution. When the alloy is 
exposed to corrosive medium, a relatively uniform 
and continuous corrosion products layer will be 
formed rapidly on the alloy surface. At the same 
time, the galvanic coupling between the alloy 
matrix and the LPSO phase results in initiation of 
localized corrosion at the LPSO/ alloy matrix 
interface. Once the corrosion products layer reaches 

a critical thickness, filiform corrosion will develop 
under the corrosion products layer, leading to 
propagation of localized corrosion. In this case, the 
corrosion resistance of the alloy decreases with the 
increase of the volume fraction of the LPSO phase, 
because the increased number of LPSO blocks 
means increased number of corrosion cells and 
therefore higher corrosion rate. 

When the volume fraction of LPSO phase 
increases to about 50% (e.g. 3# alloy), the effect of 
the LPSO phase on uniform corrosion of alloy 
cannot be ignored. At the initial stage of corrosion, 
the corrosion products layer is formed rapidly on 
the alloy matrix. With thickening of the corrosion 
products layer on the surface of the exposed alloy 
matrix, the LPSO phase might become anodic 
relative to the corroded alloy matrix, which will 
promote selective attack of the LPSO phase along 
the Mg-rich layers. The corrosion of the LPSO 
phase will then inhibit uniform corrosion of the 
alloy matrix and the thickening of the corrosion 
products layer. The mutual polarization between the 
alloy matrix and the LPSO phase consequently 
postpones the occurrence of severe localized 
corrosion. This explains why 3# alloy showed 
relatively high corrosion resistance. 

When the volume fraction of the LPSO phase 
is much larger than 50% (e.g. 4# alloy), the anodic 
dissolution of the alloy matrix becomes severe even 
in early stages of the immersion test due to strong 
galvanic coupling effect between the LPSO phase 
and the alloy matrix. However, since a complete 
LPSO phase network has been formed, the anodic 
dissolution of the alloy matrix will be slowed down 
when the corrosion front reaches the LPSO phase. 
After that, the corrosion of the alloy mainly occurs 
within the LPSO phase along the Mg-rich layers, 
and the corrosion rate will evidently decrease. In 
this sense, the corrosion resistance of the alloy can 
be greatly improved if the volume fraction of the 
LPSO phase is near 100%. 

 
Table 4 Parameters obtained by fitting EIS using equivalent circuit shown in Fig. 11 

Alloy Rs/ 
(Ω·cm2) 

RL/ 
(Ω·cm2) 

L/ 
(H·cm2) 

Yf/ 
(μΩ−1·cm−2·sn) nf/ 

Rf/ 
(Ω·cm2) 

Ydl/ 
(μΩ−1·cm−2·sn) ndl/ 

Rct/ 
(Ω·cm2) 

1# 8.50 266 4.85×104 2.99×10−4 1 6690 9.17×10−1 0.91 805 

2# 8.12 106 4.47×104 2.50×10−5 0.91 2920 4.16×10−2 0.86 131 

3# 8.01 764 6.74×105 2.34×10−5 0.92 192 3.12×10−4 0.97 1020 

4# 7.90 787 1.15×105 4.75×10−5 1 520 1.56×10−3 0.63 811 
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However, it should be pointed out that such 
deduction is only true for short-term corrosion 
exposure (e.g. up to 60 min). As suggested in Fig. 4, 
the 4# alloy had the highest corrosion resistance 
after prolonged exposure. It is believed that the 
continuous LPSO phase in the 4# alloy somehow 
collapsed after immersion in the NaCl for 24 h. This 
deduction is supported by examining the corrosion 
products (Figs. 12(a−c)). Figure 12(a) shows the 
SEM image of the corrosion product, revealing 
block features. EDS analysis of the block features 
shows high contents of O, Mg, Zn, and Y elements 
(Fig. 12(b)). XRD analysis of the corrosion 
products shows strong diffraction peaks of LPSO 
phase (Fig. 12(c)), confirming that the block 
features shown in Fig. 12(a) are mainly LPSO 
phase particles. Based on these observations, the 
corrosion process of the 4# alloy after prolonged 
exposure in the NaCl solution is schematically 
illustrated in Fig. 12(d). Initially, the magnesium 
matrix is selectively attacked, leaving the LPSO 
networks. As suggested in Fig. 8, selective attack of 
the LPSO phase will also occur along the Mg-rich 
layers in the LPSO phase. Given sufficient exposure 
time, the corrosion fronts might pass through the 
LPSO phase and reach the magnesium matrix 

beneath the corroded LPSO phase. Again, the 
magnesium matrix would be preferentially attacked. 
In this case, the narrow corrosion path in the LPSO 
phase would work as paths for ion and mass 
diffusion, which provides the conditions for the 
formation of occluded corrosion cells. The 
corrosion attack of the magnesium matrix beneath 
the LPSO phase results in acidification in the 
bottom of the occluded corrosion cell, further 
promoting corrosion attack of the magnesium 
matrix and the Mg-rich layers in the LPSO phase. 
The magnesium matrix is corroded much faster than 
the LPSO phase, leading to collapse of the 
remained LPSO phase particle. Afterwards, such 
process repeats. This explains why the 4# alloy was 
corroded at relatively lower rate in early stages of 
immersion while at much higher rate after 
prolonged exposure. Furthermore, with the increase 
of volume fraction of the LPSO phase, the 
comprehensive mechanical properties of the alloy 
will decrease significantly [25,26]. Therefore, 
considering both the corrosion resistance and 
mechanical properties, it is expected that the 
Mg−Zn−Y with volume fraction of the LPSO  
phase being close to 50% might show good 
comprehensive properties. 

 

 
Fig. 12 SEM image of corrosion products on 4# alloy after immersion in 3.5% NaCl solution for 24 h (a), EDS analysis 
of corrosion products (b), XRD analysis of corrosion products (c), and schematic illustration of corrosion process (d) 
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5 Conclusions 

 
(1) Four cast Mg−Zn−Y alloys with different 

volume fraction of the 18R-LPSO phase, namely 
16.55%, 34.45%, 54.24% and 70.36%, were 
successfully prepared. The morphology of the 
LPSO phase changed from discrete blocks to 
continuous networks with the increase of the Zn 
and Y contents. The Mg−Zn−Y alloy with 54.24% 
of the LPSO phase showed the best corrosion 
resistance in 3.5 wt.% NaCl solution. 

(2) The volume fraction and, consequently, the 
distribution of the LPSO phase greatly affected the 
corrosion resistance of the Mg−Zn−Y alloys in 
3.5 wt.% NaCl solution. The Mg−Zn−Y alloys 
would undergo uniform corrosion in the early stage 
of the immersion test; the uniform corrosion was 
gradually replaced by filiform corrosion or other 
forms of localized corrosion with further exposure. 
The alloy with 54.24% of the LPSO phase showed 
the best corrosion resistance while the alloy with 
70.36% of the LPSO phase showed the worst 
corrosion resistance. 

(3) The LPSO phase was cathodic relative to 
the alloy matrix, promoting anodic dissolution of 
the alloy matrix surrounding it. However, selective 
corrosion attack also occurred along the Mg-rich 
layer within the LPSO phase during the immersion 
test, especially for the alloys with relatively large 
volume fraction of the LPSO phase. 
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摘  要：通过实验设计阐明 LPSO 相对镁合金腐蚀行为的影响。按照形成 18R-LPSO 相的最小结构单元，即 

Zn/Y=3/4(摩尔比)，设计 4 种不同 LPSO 相体积分数的 Mg−Zn−Y 合金，对比研究 4 种合金的显微组织和腐蚀行

为。结果表明，合金主要含有 α-Mg 和 18R-LPSO 相，18R-LPSO 相的体积分数随着 Zn 和 Y 含量的增加而增加。

4 种合金中 18R-LPSO 相的体积分数依次为 16.55%、34.45%、54.24%和 70.36%，18R-LPSO 相的空间分布也由离

散块状变为连续网络状。当 LPSO 相的体积分数在 50%左右时，合金的耐蚀性最好，体积分数大于或小于 50%都

会导致合金耐蚀性能降低。 

关键词：Mg−Zn−Y 合金；18R-LPSO 相；体积分数；耐腐蚀性能 
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