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Abstract: Effect of Mn addition on the microstructure and corrosion behavior of extruded Mg-Zn-Y-Nd alloy� immersed in  

3.5 wt% NaCl solution was studied by optical microscope, scanning electron microscope equipped with energy dispersive 

spectroscope, X-ray diffraction, immersion, and electrochemical measurements. Results suggest that the Mn addition in the 

studied Mg-Zn-Y-Nd alloy can induce Mg

3

Y

2

Zn

3

 (I-phase) precipitation which may inhibit dynamic recrystallizaiton (DRX) 

grain coarsening during hot extrusion. Meanwhile, its corrosion resistance is improved by the addition of Mn. The corrosion 

rates of free and 1.0 wt% Mn containing Mg-5.6Zn-1Y-0.4Nd alloys are 18.78 and 9.89 mm·a

−1

, respectively. The 

improvement of corrosion resistance is mainly due to an enhanced protectiveness of the corrosion product layer. 

�
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Magnesium (Mg) alloy is a candidate metal for structural 

materials, because of its merits of light weight, high specific 

strength, excellent creep resistance, excellent casting performance 

and considerable age hardening response

[1,2]

. However, its low 

strength, limited ductility and poor corrosion resistance put a 

constraint on their widespread applications

[3]

.  

Mg-Zn-Y series alloy is one of the most desirable 

magnesium alloys for industrial applications because of the 

strengthened LPSO phases such as X-phase, W-phase and 

I-phase

[4-6]

. Recently, neodymium (Nd) acts as an important 

alloying element in magnesium alloys and the effect of Nd 

addition on the structure and properties of Mg-Zn-Y alloys 

have been investigated

[7,8]

. Wu et al.

[9]

 and Zhou et al.

[10]

 

reported that the strengthening mechanism of the mixed Nd 

and Y addition is significantly better than that of the single Nd 

at various temperatures. Thus, Mg-Zn-Y-Nd alloy has 

attracted extensive attention. However, poor corrosion 

resistance of Mg-Zn-Y-Nd alloy inevitably hinders their 

widespread applications, and the researchers have endeavored 

to find a solution to overcome this issue. 

Mn addition has also demonstrated to be effective in 

enhancing corrosion resistance of Mg-Al, Mg-Zn, Mg-Ca and 

Mg-Sn alloys

[11-16]

. As well known, a small amount of 

manganese can improve the properties of the alloys because 

the formation of Al-Mn-Fe intermetallic phase can reduce 

harmful impurities (Fe)

[17,18]

. However, the effect of Mn 

addition on corrosion resistance of Mg-Zn-Y-Nd alloy is 

rarely investigated

[19]

.  

The main objective of this work is to study the effect of 

Mn addition on the microstructure of Mg-5.6Zn-1Y-0.4Nd 

alloy during the extrusion. Further, the corrosion behavior 

and mechanism of the Mg-5.6Zn-1Y-0.4Nd (wt%) alloys 

with and without 1.0 wt% Mn were investigated in 3.5 wt% 

NaCl solution. This will help the development of 

lightweight magnesium material for automobile and 

electronic industries. 

1  Experiment  
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1.1  Material preparation 

Alloys with nominal compositions (wt%) of the 

Mg-5.6Zn-1Y-0.4Nd (ZYN) alloy and the Mg-5.6Zn- 

1Y-0.4Nd-1Mn (ZYNM) alloy were prepared by dissolving 

high-pure magnesium, pure Zn, Mg-30%Y, Mg-30%Nd and 

Mg-4.1%Mn master alloys. The raw materials were melted 

with a mild steel crucible in an electric resistance furnace. 

Melt course was protected by the RJ-2 flux and subsequent 

pouring into a steel mould by pre-heating to 473 K. The alloy 

composition analyzed is listed in Table 1. Cast ingots with 90 

mm-diameter and 200 mm-length were homogenized at 673 K 

for 24 h. The rectangular solid materials with 12 mm in width 

and 6 mm in thickness were machined by indirect extrusion at 

the initial temperature of 573 K, an average extrusion velocity 

as 1 m/min, and an extrusion ratio as 30:1.  

1.2  Microstructure characterization 

The specimens for microstructure characterization were 

etched with a solution of 5 mL acetic acid, 5.5 g picric acid, 

10 mL distilled water, and 90 mL ethanol. The microstructure 

of the alloys and corroded surface morphology were 

characterized by scanning electron microscopy (SEM, Hitachi 

S-4800) equipped with energy dispersive X-ray spectroscopy 

(EDS). The phase compositions were investigated using X-ray 

diffraction (XRD, Rigaku D/MAX-2500PC).  

1.3  Immersion and electrochemical measurements 

Corrosion behaviour of the alloys was tested using 

immersion (hydrogen evolution), weight loss, and 

electrochemical measurement technology in 3.5 wt% NaCl 

solution at 298 K. After the immersion test, the sample surfaces 

were washed with a solution of 200 g/L CrO

3

 and then the 

weight loss of the sample was measured. The H

2

 volume 

measurements were tested according to the method proposed by 

Song and Atrens

[20]

. The consequence of the H

2

 volume and 

weight loss after immersion test 72 h were taken from the 

average of three replicates of each alloy. Electrochemical tests 

were performed using a universal three-electrode cell with 

working electrode (sample), a platinum counter electrode and 

an Ag/AgCl reference electrode. Open circuit potential (OCP) 

measurement were conducted in 3.5 wt% NaCl solution for 

1200 s before the polarization measurements. The polarization 

measurements were conducted with 0.5 mV/s. Electrochemical 

impedance spectroscopy (EIS) measurements were conducted 

in the frequency range from 10

5

 to 10

-2

 Hz with a sinusoidal 

signal perturbation. 

2  Results and Discussion 

2.1  Microstructure 

Fig.1 is the microstructures of the ZYN and ZYNM 

alloys. In addition to large amounts of undissolved second 

phase particles, it has been found that the microstructures 

are mainly composed of α-Mg grains, which may originate 

from dynamic recrystallization (DRX) during extrusion. 

Meanwhile, the average size of the α-Mg grains in ZYNM 

(~7.8 µm) is smaller than that in ZYN (~11.6 µm). This 

suggests that the Mn element plays an important role in 

grain refinement in Mg-Zn-Y-Nd alloy during process of 

dynamic recrystallization, which corresponds well with 

previous reports

[10]

. This is mainly because Mn can induce 

Mg

3

Y

2

Zn

3

 (I-phase) precipitation, which is stable at high 

temperature

[2]

. The precipitation may inhibit grain growth 

during hot extrusion. Additionally, the migration of grain 

boundaries also can be effectively prevented by granular 

Mn. Therefore, it can be concluded that the addition of Mn 

can significantly refine the grain of as-extruded 

Mg-Zn-Y-Nd alloy.  

The XRD analysis results of the as-extruded ZYN and 

ZYNM alloys are shown in Fig.2. Besides the strong 

diffraction peaks of α-Mg substrate, the featured diffraction 

peaks for I-(Mg

3

Zn

6

(Y, Nd)) phase are observed in the 

extruded alloys. In addition, addition of Mn to Mg-Zn-Y-Nd 

system did not contribute to new phase formation but refined 

grains, which is consistent with Mg-Mn, Mg-Zn-Mn and 

Mg-Y-Mn phase diagrams reports 

[21,22]

. 

Fig.3a and 3b are the SEM morphologies of the ZYN and 

ZYNM alloys. The bright second phases particles are 

 

Table 1  Chemical compositions of the extruded alloys (wt%) 

Alloy Zn Y Nd Mn Fe Si Cu Ni Mg 

ZYN 5.45 1.35 0.39 - 0.001 0.003 0.001 0.001 Bal. 

ZYNM 5.48 1.42 0.38 0.95 0.001 0.004 0.001 0.001 Bal. 

 

 

 

 

 

 

 

 

 

Fig.1  Optical micrographs of ZYN (a) and ZYNM (b) alloys 
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Fig.2  XRD patterns of the extruded alloys 

 

observed in the both ZYN and ZYNM alloys which are denser 

in the ZYNM alloy. Additionally, the size of second phase 

particles is more uniform, and the particles in Mg matrix are 

of uniform distribution in the ZYNM alloy. The chemical 

composition of these phases in both extruded alloys, as 

indicated in Fig.3c and 3d, includes Mg, Zn, Y and Nd. The 

second phase can be inferred as I phase because the Zn/RE 

atomic ratio is close to 6, which is in agreement with the XRD 

results. Thus, in this study, the formed phase in the extruded 

alloys is I-phase, which is similar to the previous reports

[23]

. 

What’s more, Mn element is also observed in ZYNM alloy, 

which indicates the presence of Mn. These lead to grains 

refinement by inhibition of the migration of grain boundaries 

during hot extrusion. 

2.2  Corrosion behavior 

The corrosion behaviors of the extruded alloys were 

investigated by immersion and electrochemical tests. Weight 

loss and H

2

 volume amounts of the extruded alloys in 3.5wt% 

NaCl solution at 298 K are shown in Fig.4, in which both the 

weight loss and the H

2

 volume amounts of the ZYNM alloy 

are significantly smaller than those of the ZYN alloy, directly 

indicating that the latter is much less corrosive than the former 

in the current corrosive environment. For ZYN and ZYNM 

alloys, the weight loss were 15.67 and 5.85 mg·cm

-2

 while the 

quantities of the collected H

2

 volume were 25.23 and 12.9 

mL·cm

-2

, respectively. The corresponding corrosion rates were 

18.78 and 9.89 mm·a

-1

 for the ZYN and ZYNM alloys using 

the following conversions: corrosion rate (mm/a) =2.10 

(weight loss rate (mg·cm

-2

·d

-1

))

[24]

.  

Fig.5 shows the corrosion evolution of the ZYN and 

ZYNM alloys, after the immersion test in 3.5% NaCl solution 

at 25 ºC. In general, both alloys underwent localized corrosion. 

After immersion for only 5 min, both alloys lost metallic 

luster due to the formation of corrosion product films. With 

the immersion time prolonging, the color of the alloy surface 

gradually deepened. Immersion time until 30 min, white 

corrosion pits were found to form first in the both alloys 

surface, and more corrosion pits were observed on ZYN alloy 

surface. After immersion for 1 h, the surfaces of both alloys 

were darker and some areas become brown. With the 

corrosion processing, the brown corrosion area expended and 

presented a different distribution until immersion for 3 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  SEM micrographs of the ZYN (a) and ZYNM (b) alloys; EDS results of points marked in Fig.3a (c) and in Fig.3b (d) 
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Specifically, ZYN alloy shows dispersed corrosion area, 

presenting a striking contrast to the continuous corrosion area 

of ZYNM alloy. 

In order to further explore the corrosion morphology of 

ZYN and ZYNM alloy after immersion for 3 h, the 

microscopic morphology of brown corroded area (Fig.5) was 

examined by SEM and the results are shown in Fig.6. As for 

ZYN alloy, a number of loose corrosion products and pores 

can be observed (Fig.6a). From the high-magnification SEM 

image (Fig.6b), loose and irregular particles have piled up on 

the surface. The surface of ZYNM alloy is different from the 

ZYN alloy surface obviously; uneven but relatively compact 

corrosion products are observed (Fig.6c). From the 

high-magnification SEM image (Fig.6d), irregular and 

compact protrusions accumulate on the surface, which 

indicates that the films can provide a good protection. 

Comparing the corrosion morphology of the two alloys, it can 

be deduced that the addition of Mn can significantly improve 

the integrity and compactness of the corrosion product film, 

thereby affecting the corrosion process and improving the 

corrosion resistance of the alloy, which is sufficiently in 

accordance with the results obtained from the EIS tests. 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Weight loss and H

2

 volume values of the ZYN and ZYNM 

alloys after immersion for 72 h in 3.5wt% NaCl solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Optical micrographs of the extruded alloys after immersion for various time in 3.5wt% NaCl solution: (a) ZYN and (b) ZYNM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  SEM morphologies of the corroded surface of ZYN alloy (a, b) and ZYNM alloy (c, d) in 3.5wt% NaCl solution after  

immersion at 25 ºC�for 3 h 
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Fig.7 presents the OCP variations of extruded alloys upon 

immersion in 3.5 wt% NaCl solutions; these curves were 

measured for 1200 s before the start of the polarization test. In 

general, the value of OCP seems to increase in a parabolic 

shape. The OCPs are very negative at the immersion 

beginning, and shift towards the positive direction in about the 

first 130 s immersion. After the initial fast increase stage, the 

OCPs of ZYN and ZYNM alloys slowly increase constantly 

and reach stability eventually. The relatively stable OCP of 

ZYN is more negative than that of ZYNM. Generally, the 

OCP variations are assumed to correlate with the formation, 

dissolution and protection ability of the surface film of the 

alloys. The increased OCP in parabolic shape indicates the 

formation of the corrosion product film with immersion 

time

[25,26]

. No passivity breakdown was observed when the 

immersion time was less than 1200 s. The OCP variations of 

ZYNM alloys described above reflect that addition of Mn 

enhances the stability of the alloy surface film, which is 

expected to the improvement of the alloy in the corrosion 

resistance.  

The electrochemical polarization curves of the extruded 

alloys in 3.5wt% NaCl solution at 25 ºC are shown in Fig.8. It 

shows that the cathodic polarization behavior of the alloys has 

little effect on the Mn alloying. On the other hand, the 

addition of Mn greatly affects the anodic polarization behavior 

of the alloy. The corrosion potential (E

corr

), pitting potential 

(E

pit

) and the corrosion current density (i

corr

) are obtained from 

the polarization curves by Tafel fitting. The corresponding 

results are also presented in Fig.8. The E

corr

 of the ZYN alloys 

(-1.587 V) shifts slightly in the positive direction compared to 

that of the ZYNM (-1.532 V). Since the difference in cathode 

reaction rate of the alloy is small, it can be considered that the 

addition of Mn increases the stability of the passivation film 

and leads to an increase in the E

corr

 value. What’s more, an 

obvious pitting phenomenon appears in its anodic polarization 

curve of the ZYN alloy (-1.476 V) and ZYNM alloy (-1.478 

V), which indicate the both alloys suffer localized corrosion and 

which shows similar corrosion resistance to chloride pitting. 

Furthermore, the i

corr

 of the ZYN (9.954×10

-5

 A·cm

-2

)   

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  OCP variations of extruded alloys upon immersion in   

3.5 wt% NaCl solution 

is about 3 times of that for ZYNM (3.363×10

-5

 A·m

-2

), which 

indicates that alloying with Mn can enhance the corrosion 

resistance of Mg-Zn-Y-Nd alloy. 

To further investigate the corrosion resistance of extruded 

alloys in 3.5 wt% NaCl solution, EIS measurements were 

carried out, and Fig.9 shows the corresponding results. Nyquist 

plots exhibit a high frequency (HF) and a low frequency (LF) 

capacitive loops, which can be observed in the Nyquist plots 

(Fig.9a). Moreover, a small part of the deformed inductive loop 

appears at the much lower frequencies, which might be related 

with the existence of relaxation process of absorbed species, 

such as Mg(OH)

ads+

 or Mg(OH)

2

[27,28]

. It is well known that HF 

capacitor loops are attributed to charge transfer reactions at the 

interface between the metal surface and the corrosive medium, 

which can be described by charge transfer resistance (R

t

) and a 

constant phase element (CPE)

[29,30]

. CPE is always used to 

improve the fitting precision, which describes the non-ideal 

capacitive behavior of the electric double layer

[30,31]

 caused by 

the interface microscopic roughness

[32,33]

. The LF capacitive 

loop is generally related to the mass transport in solid phase, i.e. 

to the diffusion of ions through the hydroxide or oxide film

[34]

, 

or to the stable, allitic passivating film forming on I phase 

surface, which can be assigned with CPE

f

 (a film capacity) and 

R

f

 (a film resistance)

[35]

. The presence of low frequency 

inductive loop is due to the initiation of localized corrosion

[36]

. 

The impedance and frequency Bode plots (Fig.9b) shows that 

the impedance values of ZYN rapidly increase with the Mn 

addition, which means that the corrosion resistance of the 

surface film is improved with the alloying of Mn. This is 

consistent with the dimension variations of the Nyquist plots. 

As for the Bode plot (Fig.9b), two wave crests and one trough 

are observed of ZYN and ZYNM alloys, implying the existence 

of three time constants (two capacitance loops and one 

inductance loop).  

To further explore the corrosion mechanism of the alloys 

from EIS measurements, the EIS spectra of extruded alloys 

shown in Fig.9 can be characterized by the equivalent circuit 

shown in Fig.10. The corrosive medium resistance R

s

 is in 

series with the complex elements of R

t

 and CPE, and in series  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Polarization curves of ZYN and ZYNM alloys in 3.5 wt% 

NaCl solution 
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Fig.9  Electrochemical impedance spectra of extruded alloys in 

3.5 wt% NaCl solution: (a) Nyquist plots and (b) Bode 

plots 

 

with the complex elements of CPE

f

 and R

f

. R

t 

represents the 

charge transfer resistance, while CPE

dl

 represents the electric 

double layer capacity at the interface of Mg substrate and 

electrolyte solution, which is defined by Y

0

 and n. CPE

f

 and R

f 

represent the capacity and resistance of the corrosion product 

film formed in NaCl solution, respectively. CPE

f

 is defined by 

Y

f

 and n

f

. R

L

 and L represent the inductance resistance and 

inductance, respectively, which are used to describe the 

low-frequency inductance loop. The corrosion processes of 

both alloys are similar owing to the similar spectra shape, 

while the alloys show different corrosion resistances. Table 2 

shows EIS parameters of the extruded alloys in 3.5wt% NaCl 

at their respective open circuit potentials. Compared with 

ZYN alloy, the Mn-containing ZYNM alloys have larger R

t

 

values, which indicates that Mn addition is helpful for 

improving the corrosion resistance. Additionally, the ZYNM 

has bigger R

f

 values, which suggests that addition of Mn 

impairs the stability of the film on ZYN alloy surface. From 

comprehensive evaluation of the R

t

 and R

f

 variations, the 

ZYNM alloy is expected to have high corrosion resistance and 

good anti-corrosive performance. 

Based on the above results, the improved corrosion 

resistance of ZYNM alloy resulting from Mn addition can 

be ascribed to the following two aspects. Firstly, Mn 

alloying could enhance the protectiveness of the corrosion 

product layer, resulting in relatively larger resistance in 

corrosion process. Secondly, refined grain in the ZYNM 

alloy reduces corrosion rate. The smaller the grain size, the 

more the grain boundaries. The grain boundaries act as a 

physical corrosion barrier in corrosive medium to slow 

down the corrosion rate compared with coarse-grained ZYN 

alloy

[37,38]

. 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Equivalent circuit used in the analysis of EIS shown in 

Fig.9 

 

Table 2  EIS parameters of the extruded alloys in 3.5wt% NaCl at their respective open circuit potentials�

��

�

Alloy R

s

/Ω·cm

2

 

Y

0

/Ω

-1

·cm

-2

·s

-1

 

n R

t

/Ω·cm

2

 Y

f

 /Ω

-1

·cm

-2

·s

-1

 

n

f

 R

f

/Ω·cm

2

 L/H·cm

-2

 R

L

/Ω·cm

2

 

ZYN 7.582 1.79×10

-5

 0.933 562.2 5.09×10

-3

 0.754 163.1 37780 123.1 

ZYNM 18.92 1.69×10

-5

 0.914 861.4 5.13×10

-3

 0.696 274.7 92520 276.1 

 

3  Conclusions 

1) Alloying with Mn can obviously refine the dynamic 

recrystallizaiton (DRX) grain size of the Mg-Zn-Y-Nd alloy.  

2) The corrosion resistance of the Mg-Zn-Y-Nd alloy is 

found to be increased by alloying with Mn. The corrosion 

rates in 3.5 wt% NaCl solution at 298 K are 9.89 and 18.78 

mm·a

-1

 for the ZYNM and ZYN alloys, respectively. The 

improved corrosion resistance with the addition of Mn is 

attributed to the enhanced protectiveness of the corrosion 

products layer, as well as to physical corrosion barrier 

resulting from more grain boundaries due to grain refinement. 
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