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Abstract: Microstructural characterization, mass loss tests, hydrogen evolution tests, electrochemical measurements, 
and corrosion morphology observations were conducted to investigate the effect of the secondary phases on the 
corrosion behavior of the as-cast Mg−7Sn−1Zn−1Y (TZW711) alloy after solution treatment (T4) and aging treatment 
(T6). The results show that the T4-TZW711 alloy possesses the highest corrosion resistance in the early corrosion stage. 
This is because the dissolution of Mg2Sn reduces the cathodic current density and increases the charge transfer 
resistance (Rct). When the corrosion time is prolonged, the undissolved and clustered MgSnY phase will peel off from 
the T4-TZW711 alloy surface, thereby increasing the corrosion rate of the alloy. After aging treatment, the undissolved 
MgSnY phase is dispersed, which results in a lower localized corrosion sensitivity of T6-TZW711 alloy than that of the 
T4-TZW711 alloy, suggesting that the T6 treatment can enhance the corrosion resistance of Mg−7Sn−1Zn−1Y alloys. 
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1 Introduction 
 

Mg−Sn-based alloys have recently drawn 
substantial attention on account of their potential 
use for the development of new types of Mg alloys 
with high creep resistance and age hardening 
characteristics [1−3]. The superior creep resistance 
of Mg−Sn alloys can be ascribed to the presence of 
Mg2Sn precipitates with a melting point of 770.5 °C, 
which is higher than that of α-Mg [4,5]. Moreover, 
the maximum solid solubility of the Sn element in 
α-Mg at the eutectic temperature of 561 °C is 
14.85 wt.%, which decreases sharply to 0.45 wt.% 
at 200 °C [6], indicating the capability of improving 
the mechanical properties via the precipitation 
hardening of Mg2Sn. The tensile yield strength of 

Mg−Sn alloys exceeds 350 MPa at room 
temperature [7]. However, recent studies have 
reported that the corrosion resistance of the Mg−Sn 
alloys deteriorates with increasing Mg2Sn phase 
content [8−10]. This is due to the higher corrosion 
potential of Mg2Sn in comparison with that of  
α-Mg. Thus, Mg2Sn can act as a cathodic phase that 
accelerates the corrosion of Mg−Sn alloys. In order 
to realize the industrialization of Mg−Sn alloys, it  
is highly worthwhile to investigate the corrosion 
mechanism and enhance the corrosion resistance of 
Mg−Sn alloys. 

Secondary phases have a vital effect on the 
corrosion behavior of Mg−Sn alloys. Alloying, heat 
treatment, and deformation processing are commonly 
utilized to alter the size, type, content, and 
distribution of the secondary phase, thereby altering  
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the corrosion behavior of Mg−Sn alloys [11−13]. 
For example, LIU et al [14] investigated the effect 
of quantity of the Mg2Sn phase on the corrosion 
behavior of Mg−7Sn alloy via solution treatment at 
different temperatures. The results exhibited that the 
corrosion resistance increased with decreasing 
Mg2Sn quantity. In our previous study, the Mg2Sn 
phase was refined after extrusion processing, which 
reduced the localized corrosion and corrosion rate 
of the alloy [15]. In addition, certain studies have 
attempted to mitigate the adverse effects of the 
Mg2Sn phase on corrosion resistance of Mg−Sn 
alloys by adding the alloying elements [16,17]. 
According to HUANG et al [18], the Zn element 
can improve the corrosion resistance of Mg−4Sn− 
4Zn−2Al alloys after artificial aging treatment, 
which is attributed to the refined MgZn2 
precipitates. HA et al [19] reported that no 
Zn-related compounds were observed in the 
as-extruded Mg−5Sn−xZn alloys, while the passive 
film stability of the alloys was increased by the 
addition of Zn. Furthermore, the Y element is 
another alloying element commonly used to 
enhance the corrosion resistance of Mg alloys. It 
has been reported that the effect of Y-enriched 
secondary phases on the micro-galvanic corrosion 
of Mg alloys is rather mild [20]. In another study, 
LIU et al [21] reported that secondary phases 
containing Y element are more active than the α-Mg 
matrix, act as anodes, and dissolve preferentially. 
The corrosion products containing Y element can 
enhance the compactness of the corrosion film on 
the surface of Mg alloys [22]. Based on the above 
results, it can be inferred that Zn and Y can be used 
as alloying elements to improve the corrosion 
resistance of Mg−Sn alloys. Nevertheless, the 
corrosion behavior of Mg−Sn−Zn−Y alloys has not 
been satisfactorily investigated, and the relationship 
between the microstructure and corrosion behavior 
of such alloys has rarely been studied. Hence, it is 
essential to clarify the actual effects of secondary 
phases on the corrosion behavior of Mg−Sn−Zn−Y 
alloys, which will promote the industrial application 
of Mg−Sn−Zn−Y alloys. 

In this work, the Mg−7Sn−1Zn−1Y alloy was 
selected as the research object. After being cast,  
the alloy was subjected to solution and aging 
treatments. The microstructural characterization, 
mass loss tests, hydrogen evolution tests, electro- 
chemical measurements, and corrosion morphology 

observations were conducted to reveal the effect of 
secondary phases on the corrosion behavior of the 
Mg−7Sn−1Zn−1Y alloy. 
 
2 Experimental 
 
2.1 Material preparation and microstructure 

characterization 
Mg−7Sn−1Zn−1Y alloy ingots were prepared 

by melting high-purity Mg (99.99%), Sn (99.99%), 
Zn (99.95%), and Mg−20Y master alloy in a 
resistance furnace under the protection of a mixed 
gas atmosphere of SF6 and CO2. The raw materials 
were melted at 720 °C and the liquid metal was 
held in a magnesia crucible for 30 min. After a 
sufficient mixture of the melt, the alloy was cast 
into a preheated steel mold to produce a cylindrical 
ingot with a diameter of 80 mm and a length of 
120 mm. The chemical composition (wt.%) of the 
cast ingot measured by inductively coupled 
plasma-atomic emission spectroscopy (ICP-AES, 
PlasmaQuant 9100, Germany) was 7.05 Sn, 1.09 Zn, 
0.93 Y, 0.0078 Fe, and balance Mg. Subsequently, 
the as-cast ingot was subjected to a two-step 
solution treatment, i.e., first kept at 450 °C for 20 h 
and then at 480 °C for 4 h, which was followed by 
water quenching. Then, aging treatment was 
performed in a vacuum oven at 200 °C for 18 h. 
Hereinafter, the as-cast, solution-treated, and aging- 
treated specimens were denoted as as-cast TZW711, 
T4-TZW711, and T6-TZW711, respectively. 

The phase compositions of the alloys were 
analyzed by X-ray diffraction (XRD; PANalytical 
Empyrean) with Cu Kα radiation and a scan range 
(2θ) from 20° to 100°. The microstructure was 
characterized by optical microscopy (OM; Olympus 
GX51), electron probe micro-analyzer (EPMA; 
JXA−8530F Plus) equipped with a wavelength 
dispersive spectrometer (WDS), and transmission 
electron microcopy (TEM; JEOL JEM−2100F). The 
TEM samples were prepared by a Gatan precision 
ion polishing system (Gatan model 695) at a 
voltage of 5 kV. 
 
2.2 Immersion and electrochemical tests 

The dimensions of the samples used for the 
mass loss and hydrogen evolution measurements 
were 20 mm × 20 mm × 2 mm. All samples were 
mechanically ground to 2000 grit with SiC paper, 
and then immersed in 300 mL 3.5 wt.% NaCl 
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solution at room temperature for 72 h. The 
hydrogen evolution measurements were conducted 
following the method proposed in Ref. [23]. The 
samples were placed in a solution containing 
200 g/L CrO3 and 10 g/L AgNO3 for 10 min to 
remove the corrosion products. The mass loss was 
determined by weighing the samples before and 
after immersion. The corrosion rate of mass loss 
was calculated as follows [24]:  

R
K WC
A t ρ

⋅
=

⋅ ⋅    
                         (1) 

 
where CR is the corrosion rate (mm/a), K is a 
constant (8.76×104), W is the mass loss (g), A is the 
corrosion area (cm2), t is the immersion time (h), 
and ρ is the density (g/cm3). In addition, the 
corrosion morphology and corrosion depth were 
observed by field emission scanning electron 
microscopy (FESEM; Zeiss Supra−55, Zeiss Corp.) 
and 3D laser confocal microscopy. The X-ray 
photoelectron spectroscopy (XPS; ESCALAB XI+) 
was used to analyze the chemical composition of 
the corrosion products. 

Moreover, the electrochemical behavior of 
samples with an exposed area of 1 cm2 was 
investigated via potentiodynamic polarization   
and electrochemical impedance spectroscopy (EIS) 
in 3.5 wt.% NaCl solution at (25±1) °C. In the 
measurements, a three-electrode cell containing 
Ag/AgCl was used as the reference electrode, a Pt 
foil as the counter electrode, and the sample as the 
working electrode. The potentiodynamic polarization 
curves and EIS data were measured after an initial 
delay of 20 min, facilitating the development of a 
relatively stable open circuit potential (OCP). The 
sweep range of the potentiodynamic polarization 
curves was from −300 to 150 mV (vs OCP), and the 
sweep rate was 1 mV/s. EIS measurement was 
performed in a frequency range of 105−10−2 Hz 
with an amplitude signal of 10 mV. It is worth 
noting that, for the immersion and electrochemical 
measurements, at least three samples were tested 
under each condition to ensure accuracy. 
 
3 Results 
 
3.1 Microstructure 

Figure 1 depicts the XRD patterns of the 
Mg−7Sn−1Zn−1Y alloys obtained under different 
heat treatments. It is observed that α-Mg, Mg2Sn, 
and MgSnY phases were present in the as-cast 

TZW711 alloy. In the T4-TZW711 alloy, the 
diffraction peaks of the Mg2Sn phase disappeared, 
and only α-Mg and MgSnY phases were detected. 
This indicated that, after solution treatment, most 
Mg2Sn phases were dissolved into the α-Mg matrix. 
Nevertheless, the diffraction peaks of the Mg2Sn 
phases reappeared in the T6-TZW711 alloy due   
to age precipitation. It is worth noting that no 
Zn-enriched phases were detected in the XRD 
measurements, probably due to their very low phase 
content. 
 

 
Fig. 1 XRD patterns of Mg−7Sn−1Zn−1Y alloys: (a) As- 
cast TZW711; (b) T4-TZW711; (c) T6-TZW711  
 

Figure 2 presents the backscattered electron 
(BSE) microscopy images and corresponding 
EPMA elemental mappings of the Mg−7Sn−1Zn− 
1Y alloys. The as-cast TZW711 alloy exhibited a 
typical dendritic structure, consisting of dark α-Mg 
dendritic grains and bright secondary phases 
distributed along the dendrite arms. Moreover, 
continuous gray-network microstructures were also 
observed along the dendrite boundaries. In the 
previous study [23], these regions have been 
reported to be Sn-enriched areas due to the Sn 
element segregation ahead of the solid−liquid 
interface during solidification. After solution 
treatment, the Sn-enriched areas are eliminated. The 
EPMA elemental mappings revealed that the as-cast 
TZW711 alloy contained two types of secondary 
phases, i.e., non-Y-enriched phase (Point A) and 
Y-enriched phase (Point B). In addition, the average 
chemical composition of these phases was 
quantitatively measured by WDS, and the results 
are listed in Table 1. It was found that Point A was 
Mg2Sn phase with a measured atomic composition 
of Mg70.2Sn29.0Zn0.8. The molar ratio of Mg to Sn 
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deviated slightly from Mg2Sn because a portion of 
the Mg came from the α-Mg matrix [25]. A small 
amount of Zn element was often found to be 
enriched around Mg2Sn phases [26]. Points B and C 
were both found to be MgSnY phases with 
measured atomic compositions of Mg36.87Sn32.47Y30.56 
and Mg40.65Sn28.26Y30.92, respectively, indicating that 
the MgSnY phases were not dissolved into the 
α-Mg matrix after solution treatment. The WDS 
results regarding Points D−F also confirmed that 
the solution and aging treatments mainly altered the 
Sn content and had little effect on the Y content of 
the α-Mg matrix. However, the distribution of the 
MgSnY phase in the T4-TZW711 and T6-TZW711 
alloys underwent significant changes. More 
specifically, the MgSnY phases first clustered and 
grew in the T4-TZW711 alloy, and then became 
distributed relatively uniformly in the T6-TZW711 
alloy. The Mg2Sn phase and interdendritic element 

enrichment disappeared, and the remaining MgSnY 
phases were mostly distributed along grain 
boundaries after solution treatment. This led to the 
fact that the distribution of MgSnY phase was 
inhomogeneous in the T4-TZW711 alloy. The 
secondary phase area fraction of Mg−7Sn−1Zn−1Y 
alloy under three different conditions was calculated. 
The area fraction of secondary phases for as-cast 
TZW711, T4-TZW711, and T6-TZW711 alloys was 
1.31%, 0.70%, and 0.83%, respectively. It was 
inferred that the Mg2Sn and MgSnY were 
precipitated in the T6-TZW711 alloy after aging 
treatment. Thus, the secondary phases showed 
dispersive distribution in the T6-TZW711 alloy due 
to the increase of area fraction of the secondary 
phases. 

Nevertheless, as it can be observed in Fig. 2(c), 
no Mg2Sn phases were found in the T6-TZW711 
alloy, which did not agree with the XRD results. To 

 

 
Fig. 2 BSE microscopy images and corresponding EPMA elemental mappings of Mg−7Sn−1Zn−1Y alloys: (a) As-cast 
TZW711; (b) T4-TZW711; (c) T6-TZW711 
 
Table 1 Chemical compositions of points marked in Fig. 2 

Point 
Mg  Sn  Zn  Y 

wt.% at.%  wt.% at.%  wt.% at.%  wt.% at.% 

A 32.8 70.2  66.2 29.0  1.0 0.8  0 0 

B 11.99 36.87  51.57 32.47  0.09 0.10  36.35 30.56 

C 13.91 40.65  47.23 28.26  0.16 0.17  38.70 30.92 

D 95.35 98.75  3.60 0.85  1.04 0.40  0.01 0.044 

E 92.95 98.28  5.83 1.27  1.09 0.44  0.13 0.01 

F 93.07 98.27  5.81 1.25  1.08 0.47  0.04 0.01 
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this end, TEM test was performed to further 
authenticate the microstructure of the T6-TZW711 
alloy. The results are shown in Fig. 3. According to 
the scanning transmission electron microscopy 
(STEM) results and corresponding EDS elemental 
mappings, the bright precipitate was simultaneously 
enriched with Y and Sn elements, suggesting that  
it was MgSnY. Furthermore, the selected area 
electron diffraction (SAED) pattern confirmed that 
the two precipitates around MgSnY were Mg2Sn 
and MgZn2. Thus, after aging treatment, the 
T6-TZW711 alloy contained MgSnY, Mg2Sn, and 
MgZn2 precipitates. It is worth noting that the 
MgZn2 precipitate content was much lower than 
that of Mg2Sn. It is speculated that the effect of the 
MgZn2 precipitate on corrosion behavior is far 
weaker than that of the Mg2Sn. 

 
3.2 Immersion corrosion rate and electrochemical 

behavior 
Figure 4(a) displays the corrosion rates of the 

Mg−7Sn−1Zn−1Y alloys determined via mass loss 
measurements after immersion in 3.5 wt.% NaCl 
solution for 24, 48, and 72 h. The corrosion rates of 
all alloys decreased gradually with increasing 
immersion time. After immersion for 24 h, the 
corrosion rate of the T4-TZW711 alloy was lower 

than that of the as-cast TZW711 and T6-TZW711 
alloys, while the difference in the corrosion rate 
between the T4-TZW711 and T6-TZW711 alloys 
became smaller with increasing immersion time. 
The corrosion rates of the as-cast TZW711, 
T4-TZW711, and T6-TZW711 alloys were 
(3.25±0.05), (2.42±0.06), and (2.39±0.02) mm/a, 
respectively. Furthermore, when 1 mol Mg is 
corroded, this is accompanied by the production of 
1 mol H2. Hydrogen evolution rate is proportional 
to the corrosion rate of Mg alloys. Figure 4(b) 
shows the hydrogen volume variation for different 
Mg−7Sn−1Zn−1Y alloys as a function of the 
immersion time. It can be observed that, at the 
initial immersion stage, the difference in the 
hydrogen evolution rate was minor for all alloys, 
but it became apparent after immersion for 4 h. This 
indicates that the corrosion film on the alloy surface 
provides only transient protection [24]. The 
T4-TZW711 alloy exhibited the lowest hydrogen 
evolution rate after immersion for 36 h, which 
agreed well with the mass loss measurement results. 
However, the rapid increase in the hydrogen 
evolution rate of the T4-TZW711 alloy after 
immersion for 36 h resulted in a higher hydrogen 
evolution rate than that for the T6-TZW711 alloy. 
This may be attributed to a significant change in the  

 

 
Fig. 3 TEM analysis results of T6-TZW711 alloy: (a) STEM image; (b−e) EDS elemental mappings of secondary 
phases; (f) TEM bright field image and SAED pattern of secondary phases 
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Fig. 4 Corrosion rates of Mg−7Sn−1Zn−1Y alloys after immersion in 3.5 wt.% NaCl solution for different time (a), 
hydrogen volume variation as function of immersion time (b), polarization curves (c), and cathodic current density 
measured at −1.78 V from polarization curves (d) 
 
corrosion behavior of the T4-TZW711 alloy during 
the later corrosion stages. Figure 4(c) presents   
the potentiodynamic polarization curves of the 
Mg−7Sn−1Zn−1Y alloys. The anodic polarization 
curves of the as-cast TZW711 and T6-TZW711 
alloys revealed that the alloys dissolved immediately 
after exceeding the corrosion potential. It can be 
clearly observed that the anodic polarization  
curve of the T4-TZW711 alloy had a small level  
of the breakdown potential (φb), indicating that 
there was a passivation tendency between φb    
and the corrosion potential. Several previous  
studies [10,19,23,27] have suggested that the 
cathodic reaction can effectively describe the 
corrosion rate of Mg alloys due to the poor 
protectiveness of the corrosion film and the 
negative difference effect of the anode. Therefore, 
the cathodic current densities (Jcathodic) in the strong 
polarization region of the cathodic branch (−1.78 V) 
are demonstrated in Fig. 4(d) in order to reflect the 
corrosion rate of the alloys. The level of Jcathodic 
decreased from 454.5 μA/cm2 for the as-cast 

TZW711 alloy to 314.5 μA/cm2 for the T4-TZW711 
alloy, indicating that the cathodic reaction of the 
former was significantly weakened after solution 
treatment. 

In addition, EIS measurements were conducted 
to further elucidate the electrochemical behavior of 
the Mg−7Sn−1Zn−1Y alloys. The corresponding 
Nyquist and Bode plots are presented in Figs. 5(a) 
and (b), respectively. The Nyquist plots of all alloys 
exhibited a similar shape, with a capacitance loop 
between the high frequency (HF) and the medium 
frequency (MF), and an inductance loop at the low 
frequency (LF). The capacitance loop radius of  
the as-cast TZW711 alloy increased clearly after 
solution treatment. Moreover, the phase angle and 
|Z| (Z is the impedance of the alloy) values of the 
T4-TZW711 alloy were higher than those of the 
as-cast TZW711 alloy. This indicated that the 
corrosion resistance of the T4-TZW711 alloy was 
better than that of the as-cast TZW711 alloy. 
Figure 5(c) displays the equivalent circuit of the 
EIS curves and element characteristics of the 
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equivalent circuit, where Rs denotes the solution 
resistance, CPEdl and Rct denote the double-layer 
capacitance and charge transfer resistance, 
respectively, and L and RL denote the inductance 
and the inductance resistance, respectively. In 
general, a CPEdl in parallel with the Rct is used to 
analyze the dissolution rate of Mg+ and Mg2+ at the 
interface between alloy and electrolyte [28], while L 
and RL are used to analyze the adsorption of Mg+ 
and the occurrence of localized corrosion [29]. The 
fitting results are summarized in Table 2. It is 
noteworthy that CPEdl is a non-ideal capacitor and 
can be defined as follows [30]: 
 

( ) 1
dlCPE =[ j ]nQ ω −                        (2) 

 
where Q is the magnitude, j is the imaginary 
number, ω is the angular frequency, and n is the 
exponent. The T4-TZW711 alloy exhibited the 
lowest Q value. 

Nonetheless, the fitted Q parameter cannot 
entirely represent the accurate value of the capacitance 

(Cdl) [31]. The Cdl can reflect the corrosion area of 
the alloy surface; thus, it can be calculated by [32]  

(1 )/
1/ s ct

dl
s ct

=
+

n n
n R RC Q

R R

−
 
 
   

                 (3) 
 

According to Fig. 6(a), the Cdl of the 
T4-TZW711 alloy was the lowest among all alloys, 
indicating that the corrosion area of its surface was 
minimal at the early stage of corrosion. As EIS data 
contain Rct and RL, the polarization resistance (Rp) is 
calculated to perform the direct comparison with 
the corrosion resistance. The Rp can be calculated 
through the following equation [33]: 
 

ct L
p

ct L
=

+
R RR

R R
                            (4) 

 
Meanwhile, the value of 1/Rp (reciprocal of the 

polarization resistance), which is proportional to the 
corrosion rate, is given in Fig. 6(b). Both the 
T4-TZW711 and T6-TZW711 alloys exhibited 
lower 1/Rp values than the as-cast TZW711 alloy. 

 

 
Fig. 5 EIS curves of Mg−7Sn−1Zn−1Y alloys: (a) Nyquist plots; (b) Bode plots; (c) Equivalent circuit and its element 
characteristics on alloy surface 
 
Table 2 Equivalent circuit parameters used to fit EIS curves 

Alloy Rs/(Ω·cm2) Qct/(μF·cm−2·sn−1) nct Rct/(Ω·cm2) L/(H·cm−2) RL/(Ω·cm2) 

As-cast TZW711 29.4 99.93 0.939 196 865 94 

T4-TZW711 28.5 13.65 0.927 588 2730 212 

T6-TZW711 29.2 18.25 0.907 449 3536 187 
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3.3 Corrosion morphology 
To better demonstrate the corrosion initiation 

process of Mg−7Sn−1Zn−1Y alloys obtained under 
different heat treatments, the corrosion morphologies 
of the alloys after immersion in 3.5 wt.% NaCl 
solution for 2 min are exhibited in Fig. 7. As it can 
be observed in Fig. 7(a), there were several 
apparent corrosion pits on the surface of the as-cast 
TZW711 alloy. The EDS analysis revealed that the 
corrosion products of the corrosion pits contained 
Mg, O, and Sn elements, but no Y element. This 
result indicated that the corrosion initiation sites 
generally occurred in regions enriched with Sn 
element, suggesting that the corrosion pits occurred 
around the Mg2Sn phases. Nevertheless, the α-Mg 
around the bright MgSnY phases was slightly 

corroded at the early stage of corrosion. Compared 
to the as-cast TZW711 alloy, the T4-TZW711 alloy 
exhibited a relatively uniform corrosion morphology, 
and only the α-Mg around the large MgSnY phase 
was corroded (Fig. 7(b)). After aging treatment, the 
corrosion pits on the T6-TZW711 alloy surface 
increased again, which can be attributed to the 
increase and scattered distribution of the secondary 
phases. 

Figure 8 shows the corrosion morphologies  
of the Mg−7Sn−1Zn−1Y alloys after immersion  
in 3.5 wt.% NaCl solution for 72 h. As it can be 
observed in Figs. 8(a−c), the surfaces of all alloys 
were severely corroded. The surfaces of the as-cast 
TZW711 and T4-TZW711 alloys were completely 
covered by corrosion products, while the corrosion 

 

 
Fig. 6 Double-layer capacitance (a), and Rp and 1/Rp values obtained from EIS results (b) 
 

 
Fig. 7 Surface morphologies of Mg−7Sn−1Zn−1Y alloys after immersion in 3.5 wt.% NaCl solution for 2 min: (a) As- 
cast TZW711; (b) T4-TZW711; (c) T6-TZW711; (d, e) EDS results at Points A and B, respectively 
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Fig. 8 Surface morphologies of Mg−7Sn−1Zn−1Y alloys after immersion in 3.5 wt.% NaCl solution for 72 h:      
(a−c) With corrosion products; (d−f) Without corrosion products; (g−i) 3D corrosion depth; (a, d, g) As-cast TZW711; 
(b, e, h) T4-TZW711; (c, f, i) T6-TZW711 
 
products were significantly reduced, and some 
spherical corrosion products were formed on the 
T6-TZW711 alloy surface. As a result, the 
T6-TZW711 alloy achieved the greatest corrosion 
resistance after immersion for 72 h. Subsequently, 
the corrosion products were cleaned, and the 
surface morphology without corrosion products was 
captured, as presented in Figs. 8(d−f). The results 
indicated that localized corrosion occurred on the 
surface of all alloys. A large number of holes were 
observed on the as-cast TZW711 alloy surface, 
which grew laterally along the dendrite boundary. 
However, several shallow pits of localized 
corrosion were found on the T6-TZW711 alloy 
surface. To quantitatively characterize the localized 
corrosion depth, Figs. 8(g−i) show the 3D corrosion 
depth of the alloy surface after removing the 
corrosion products. The maximum corrosion depths 
of the as-cast TZW711, T4-TZW711, and 
T6-TZW711 alloys were measured to be 381.3, 
131.2, and 95.1 μm, respectively. Therefore, the 
T6-TZW711 alloy possessed the lowest sensitivity 
of localized corrosion after immersion for 72 h. 

 
4 Discussion 
 

During the corrosion process of the Mg− 
7Sn−1Zn−1Y alloys in 3.5 wt.% NaCl solution, the 
dissolution of metal ions at the anode and reduction 
reaction of water molecules at the cathode occur 
simultaneously to induce the generation of 
corrosion products on the alloy surfaces. Figure 9 
presents the XPS analysis results for the 
T6-TZW711 alloy after immersion in 3.5 wt.% 
NaCl solution for 72 h. The spectra suggest that  
the Mg 1s peak comprised two components. The 
binding energies at 1303.8 and 1305.3 eV match to 
MgO and Mg(OH)2, respectively [34]. The Sn 3d 
spectrum exhibited two peaks due to the spin orbit 
splitting into Sn 3d3/2 and Sn 3d5/2 components, i.e., 
one at 486.4 eV and the other at 494.9 eV. These 
values are in agreement with the value of SnO2 [35]. 
In the Zn 2p spectrum, a weak peak of ZnO was 
observed, suggesting that a small amount of ZnO 
corrosion product was formed on the alloy surface. 
Unfortunately, no peaks of Y-containing corrosion 
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Fig. 9 XPS analysis results of T6-TZW711 alloy after immersion in 3.5 wt.% NaCl solution for 72 h 
 
products were found in the Y 3d spectrum because 
the fraction of these products was too small to be 
detected on the alloy surface. 

The corrosion products of Mg(OH)2 are  
easily adsorbed by Cl− ions through the following 
reactions [36]: 
 
Mg(OH)2+Cl−=MgOHClad+OH−                     (5) 
 
MgOHClad=Mg2++OH−+Cl−                         (6) 
 

Moreover, the content of ZnO and Y2O3 
corrosion products with good thermodynamic 
stability on the alloy surface was too low. These 
resulted in the poor protection of the corrosion film. 
After immersion for only 2 min, pitting corrosion 
occurred on the alloy surface (Fig. 7). Therefore, 
the effect of the corrosion products on corrosion 
resistance is minor and the corrosion behavior of 
the Mg−7Sn−1Zn−1Y alloys depends mainly on the 
type, size, morphology, and distribution of the 
secondary phases. 

The as-cast TZW711 alloy was composed of 
α-Mg matrix, Mg2Sn, MgSnY, and Sn element 
enriched areas. At the early stage of corrosion, local 

micro-galvanic corrosion occurred between the 
α-Mg matrix and the secondary phases. HA et al [10] 
reported that the Mg2Sn phases act mainly as the 
cathode of micro-galvanic corrosion in Mg−Sn 
alloys, which is due to the high difference in the 
corrosion potential between Mg2Sn and α-Mg 
matrix. Figure 7 also indicates that micro-galvanic 
corrosion begins preferentially around the Mg2Sn 
phases. In general, the standard electrode potential 
of the Y element is much lower than that of Sn [37]. 
Y-containing secondary phases have been reported 
to exhibit a low corrosion potential [38,39]. 
Evidently, the MgSnY phase which incorporates the 
lower potential of the Y element can exhibit a lower 
corrosion potential than the Mg2Sn phase. The 
effect of the MgSnY phase as the cathode of 
micro-galvanic corrosion is weaker than that of the 
Mg2Sn phase. Consequently, the corrosion around 
the MgSnY phases of the as-cast TZW711 alloy 
after immersion for 2 min was mild. Compared to 
the as-cast TZW711 alloy, the T4-TZW711 alloy 
contained only MgSnY phase (Fig. 2). LÜ et al [40] 
reported that the MgSnY phase has a high melting 
point and is difficult to dissolve into the α-Mg 
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matrix even at 500 °C. The eliminated Mg2Sn phase 
and element enrichment areas can reduce the 
cathodic current density (Fig. 4(c)), which increased 
the dissolution resistance (Rct) and reduced the 
corrosion rate of the T4-TZW711 alloy (Fig. 4(a)). 
Unfortunately, the clustered MgSnY led to the high 
inductive reactance still existing in the EIS curve of 
the T4-TZW711 alloy. After aging treatment, the 
area fraction of the undissolved MgSnY phase in 
the T6-TZW711 alloy increased and its distribution 
became more dispersed. YU et al [41] also found 
that the clustered secondary phases of Mg−Y−Sn 
alloys are dispersed during isothermal oxidation. 
The dispersed MgSnY phases increased the amount 
of local micro-galvanic corrosion sites, thereby 
increasing the corrosion rate of the T6-TZW711 
alloy at the early corrosion stage. Thus, after 
immersion for 24 h, the corrosion rate of the 
T6-TZW711 alloy was higher than that of the 
T4-TZW711 alloy (Fig. 4(a)). 

After immersion in 3.5 wt.% NaCl solution for 
72 h, severe localized corrosion and the maximum 
corrosion depth were observed on the surface of  
the as-cast TZW711 alloy. Most of α-Mg around 
dendrites fell off because the Mg2Sn and MgSnY 
act as the cathode to increase the localized corrosion 
rate. According to the mixed potential theory [42]:  

( )
SP

Mix SPc
corr SP corrMg SP

a c

ln = ln +
+
βJ A J

β β
⋅  

 

( )
Mg SP Mg

Mga corr corr
Mg corrMg SP Mg SP

a c a c

ln +
+ +
β A J

β β β β
ϕ ϕ

⋅
−

     (7) 
 
where ASP (SP: secondary phase) is the contact area 
between the secondary phases and the electrolyte, 

Mg
aβ  and SP

cβ  are the Tafel slopes of α-Mg and the 
secondary phases, respectively, and Mg

corrϕ  and SP
corrϕ  

are the corrosion potentials of α-Mg and the 
secondary phases, respectively. It can be deduced 
that the occurrence of corrosion depends on the 
Tafel slope and corrosion potential of the secondary 
phases, while the corrosion degree depends on the 
areas of the secondary phases. The as-cast TZW711 
alloy possessed the largest secondary phase area 
and exhibited the highest corrosion rate. However, 
it is worth noting that, after immersion for 72 h, the 
corrosion rate of the T6-TZW711 alloy was slightly 
lower than that of the T4-TZW711 alloy. This result 
does not agree with the corrosion rate after immersion 
for 24 h and the electrochemical measurement 

results, which may be due to the alteration of    
the corrosion behavior of the T4-TZW711 and 
T6-TZW711 alloys with increasing immersion time. 
Figure 10 presents the cross-sectional corrosion 
morphologies of the Mg−7Sn−1Zn−1Y alloys after 
immersion in 3.5 wt.% NaCl solution for 72 h by 
the EPMA analysis. It can be observed that the 
clustered MgSnY phase peeled off from the 
T4-TZW711 alloy surface. This can lead to the 
formation of corrosion holes (Fig. 8(e)). The 
detachment of the nonuniform MgSnY phase with 
α-Mg matrix may have rapidly increased the 
instantaneous corrosion rate of the T4-TZW711 
alloy. This speculation is demonstrated by the rapid 
increase in the hydrogen evolution rate of the 
T4-TZW711 alloy during the later corrosion stages. 
As it can be observed in Figs. 10(d−i), the inner 
layer of corrosion products was enriched with Sn 
and a few Y elements, indicating that the effect of 
the precipitated Mg2Sn and MgSnY phases on the 
corrosion process was weaker than that of the 
undissolved MgSnY phases. WU et al [43] reported 
that the nano-sized secondary phases do not 
significantly deteriorate the corrosion process of 
Mg alloys. The relationship between the galvanic 
corrosion current density and the secondary phase 
size can be given as [43,44]  

a
c a c a

F corr corr p pc +LJ ρ ρ
L

ϕ ϕ
 

≈ −  
 

 

              (8) 

 
where JF is the galvanic corrosion current density, 
La and Lc are the lengths of the anode and cathode, 
respectively, and a

pρ  and c
pρ  are the polarization 

resistivity of the anode and cathode respectively. 
The value of Lc for the precipitated Mg2Sn and 
MgSnY phases is negligible, suggesting that the 
contribution of the precipitated Mg2Sn and MgSnY 
phases on galvanic corrosion current density is 
insignificant. Consequently, the corrosion rate of 
the T6-TZW711 alloy depends mainly on the 
undissolved MgSnY phases. 
 
5 Conclusions 
 

(1) The corrosion products of Mg−7Sn− 
1Zn−1Y alloys were mainly composed of Mg(OH)2, 
MgO, SnO2, and a small amount of ZnO, while   
no Y-containing corrosion product was detected on 
alloy surface. Most of the Y element existed in the 
form of MgSnY secondary phase, which resulted in  
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Fig. 10 Cross-sectional corrosion morphologies of Mg−7Sn−1Zn−1Y alloys after immersion in 3.5 wt.% NaCl solution 
for 72 h by EPMA analysis: (a) As-cast TZW711; (b) T4-TZW711; (c) T6-TZW711; (d) Magnification image of 
rectangular area in (c); (e−i) Mg, O, Sn, Y, and Zn elements, respectively 
 
the poor protection of the corrosion film. The 
as-cast TZW711, T4-TZW711, and T6-TZW711 
alloys all underwent severe localized corrosion. 

(2) In the early corrosion stage, the 
T4-TZW711 alloy exhibited the lowest corrosion 
rate because the effect of the MgSnY phase as the 
cathode of micro-galvanic corrosion was weaker 
than that of the Mg2Sn phase. The dissolution of 
Mg2Sn reduced the cathodic current density, 
increased the charge transfer resistance, and thus 
decreased the corrosion rate of the T4-TZW711 
alloy. 

(3) After immersion in 3.5 wt.% NaCl solution 
for 72 h, the clustered MgSnY phases were 
detached from the T4-TZW711 alloy surface. 
Consequently, the corrision rate and localized 
corrosion depth of the T4-TZW711 alloy were 
slightly higher than those of the T6-TZW711 alloy. 
Moreover, the corrosion rate of the T6-TZW711 
alloy depended mainly on the undissolved MgSnY 
phases rather than the nano-sized precipitated 
Mg2Sn and MgSnY phases. 
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第二相对 Mg−7Sn−1Zn−1Y 合金腐蚀行为的影响 
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1. 贵州大学 机械工程学院，贵阳 550000； 

2. 大连理工大学 材料科学与工程学院 凝固控制与数字化制备技术辽宁省重点实验室，大连 116024； 

3. 大连理工大学 宁波研究院，宁波 315000 

 
摘  要：通过显微组织表征、质量损失实验、析氢实验、电化学测试和腐蚀形貌观察等手段研究了第二相对经固

溶(T4)和时效(T6)热处理后铸态 Mg−7Sn−1Zn−1Y(TZW711)合金腐蚀行为的影响。结果表明：T4-TZW711 合金在

早期腐蚀阶段具有最高的耐蚀性，这是因为 Mg2Sn 的固溶降低了合金的阴极电流密度，并增加了合金的电荷转移

电阻(Rct)。但当腐蚀时间延长时，未固溶且聚集的 MgSnY 相从 T4-TZW711 合金表面剥落，从而提高其腐蚀速率。

经时效热处理后，未固溶的 MgSnY 相分布变得离散，使 T6-TZW711 合金的局部腐蚀敏感性低于 T4-TZW711 合

金。此结果表明，T6 处理能提高 Mg−7Sn−1Zn−1Y 合金的耐蚀性。 

关键词：Mg−Sn−Zn−Y 合金；热处理；MgSnY 相；电化学测试；腐蚀行为 

 (Edited by Wei-ping CHEN) 


