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Fig.1  Schematic illustration of the hydroxylation of MgO (111) 

surface

[1, 13-15] 
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Fig.2  E-pH diagram for the Mg in water system at 25 (
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(label 0, -2, -4, -6 are the log of soluble ion activity for the 

indicated line) 
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Table 1  Influence of alloying elements on properties of Mg 

alloys at ambient temperature

[5,20,21]
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Mn + + + +

*
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 +  

Zr + + ++  

Note: UTS: ultimate tensile stress, ++: excellent, +: good, -: bad,  

*: only in combination with Al, **: at high Zn concentration  

 

 

 

 

 

 

 

 

 

 

 

 


 3  ���������������� 

Fig.3  Schematic representation of electrochemical impacts of 

alloying elements studied

[1, 5, 22]

 (plot depicts the ability 

of alloying additions to modify anodic or cathodic kinetics 

(or both), leading to changes in the resultant corrosion rate 

(i

corr

), along with changes in corrosion potential (E

corr

)) 

 

�� 3 ������	
���
������

���������������� !"#$%&�

'(�����)*+7,�-.�����/012 

)]exp()[exp(

c

e,c

c

e,c

0,ccc

ββ

EEEE

iii

−

−

−

−=−=

 (7) 

*32i

c

4����'(�����/01�A/cm

2

5

E 467��8�V59:;<4��=��>?@

AB59:C<4��=DE>?@AB�F���

3�GH4IJK�L��MNOP67��8 E�

Q��'(��RS���TU�8+E

e,c

,�V�W

X+EYE

e,c

,Z[\�V]�^_�`Za����

���� Tafelb�+β

c

,�V�c4'(de�/0

1+i

0,c

,f�V�g i

c

hi i

0,c

�j�gj��kl�

� 3 3����������j��mkN��no

�'(de�/01p��qr�Zn�'(de�/

01Z 10

-9

~10

-10

 A/cm

2

�4 Mg�� i

0,c

� 2~3s�t

uvwx���no�yz�{N|}�~��no��

(�Ft�no���"�������E����

������-���4 i

0,c

�j�R�����%&

�8+E

corr

�V,�������.� 3;����n

o�������� �j����no�
�4P

��� 

c4���\��no�����������

������r As Sb Ge Be ¡�¢£¤¥�

Mg-0.37%As��F 0.1 mol/L NaCl ¦§¨©ª« 7 d

¬�(���­+0.4 mL,	
�(���­+4.5 mL,

®�� 90%��

[24]

�(���­¯°���Sk��

4 As no��wE�M±¦� Mg

3

(AsO

4

)

2

²³�´

µ�¶ Fe �� H S·¸�E(��Sb K Be ��¹

º»��F������� !�V]�R��¼A

½��� !�¾|tu¥¿RÀ-.�ÁÂ��Ã

Ä4kZt���no�����L�%&ÅÆÇÈ

\�É��F�� i

0,c

K β

a

�V]��Ê� i

0,a

��� 

VË���ÌÍ*+8,�'��noM�%&�

�½����É�ÎÏ2 

)]exp()[exp(

a

e,a

a

e,a

0,aa

ββ

EEEE

ii

−

−−

−

=

       (8) 

*32i

a

4����½�¦Â���/01�A/cm

2

�

{ E=E

corr

]�)� 3�Ð��Ñ\���� E

corr

�


�½����TU�8 E

e,a

+-2.37 V

SHE

,ÒÓÔZ[

\+1.0 V,�kl�fV��noM�%&��� β

a

K i

0,a

�ÕÖ×��fV�½������qr���

nor Sn�SbK Zr�Ø7�ÙhiÚ­�j���

��½�¦Â���¯°j��Q3��ÛÜnor

Sn K Pb�ÝÞwE�ß�àáâã��g β

a

��É

ä�GåwEæç�è�é��g Zrno��êÅ7

� Mg-Zr ���½���ëì Zr � H S·p��í

KÆîQáNwE ZrH

2

��g×��IJ�½�¦Â

7�

[25]

� 

lï�ð¥�¹º»�RñòP�[z�óôn

or Al�ZnK Mn¡�ÝÞõ�7��������

R�Pçö1������½������kl�t

�noFfV�%&J÷3M�����Ç���

ÅÆÇÈ\ÕÖøùNno�Ø7­�ÙwE�è

�é���Jgú�Al ��Ê�
��%&�8Ô

0.1 V�c Mg-Al��%&�/01��äûüN Al

�Ú­

[26-28]

�{ Al Ú­�NÃýþ��¦��

+~12%,]����½��� !�����{Ú

10

-7

10

-6

10

-5

10

-4

10

-3

10

-2

10

-1

10

0

10

1

10

2

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

i/A⋅cm

-2

Minor effect on  

anodic kinetics

C e, Ca**

La, Ga

Nd, Ti,

Gd, Si

                   Sr,              Mn**,

                   In* *,          Ge,

                   Lu,              Pd ,

Li***    Al, Zn , Sc

Reduce anodic kinetics

Hg, B e, Sn , Pb ,

Fe, Li, Bi, Sb,  Zr, C a*

Enhance an odic kinetics

Minor  effect on 

cathod ic kinetics

Mn**

Sc

Ga

Li

Mn*,     Ce, Cu,

Al* , Bi, La, Ni, Sr, Co ,

Li*, Si, Nd , Ag, Zr, Fe,

Pb , Sn, Y,   Au,

Tb, Ti, Gd, Sr,

In*, Ga, Pr, Pd,

Zn,        Dy

As,        Sb,

Ge, B e, Ho ,

Cd

Reduce cathod ic kinetics

Enh an ce cathodic kinetics

* Denotes for only above the solid solubility

** Denotes for only below the solid solubility

*** Denotes for concentration only > 11 wt.%

As

Sb

Zr, Pb

Sn , Ho

Li, Sr

Ca, Cd

Hg

 

 

E
/
V

S
H
E

Co , Pd, Tb

Y,Al, Fe, Ag

Au, Zn , Cu

Ti, Ni, Ge

Ce, Nd , La

Gd, Pt, Bi

In, Lu, Mn

Sr,Sc, Ga



� 1�                                  ������	
��	
�����������                          �365� 

­�N�¦��]���3�wE¶ Al"�KÚ Al

�L���>�t��%&�8�"�K��>�Ê

����'(de�/01 i

0,c

�×����� !

j������{ Al�Ú­�N 3%]������

������7��kl�	
 Al �Ø7����

��½� !�c���½�¦ÂF������x


�7��MN Mg-Mn ���{Ø7� Mn Ú­�

N�¦��+2.22%,]�MnM Mg-Mn�����

����ÕÖ�ä�c4�{ MnÚ­���¦��

]�����������g7������Mn n

o��f�������%&��+F 1 mol/L HCl

3�Mn�'(de�/01ÔZ 10

-10.8

 A/cm

2

���

� i

0,c

�{,�c4{ Alno�F]Ý�����3

�~��no�Fe wE+Al-Mn-Fe,��>��g

®����p��'(de�/01� Fe � Mg Ò

�wE%&������

[29]

�kl�ð 13 Mnno

M����&!��Ê�4IN Al �F�vwx�

¥��c4�Mnno�Ú­�����Pç����

¢£ð�{���3� Fe/MnÚ­	äN 0.032]�

Mg-Mn���&!� !

[30]

� 

"ï�Li noF� 3 #$���%&Ñ'"�

#�F�ð¥��Ñº»��t� Li F Mg-Li ��

3�Ú­ÙwE�>��(�Li �Ú­����Õ

Ö Mg-Li ���� ½�����

[31]

�FfV�Ú

­x����� !�É��{)��Mg-Li ��

�tu��ÇBZ4)Q�*Eüç�2{ Li Ú­

Z 0%~5.7%]���+)Pu>�*E�, hcp ¸

-� α ��l]���%&����L��Óf�5

{ Li Ú­Z 5.7%~10.3%���3.� α �ÒïR

� bcc ¸-� β ��l] β �j��������

� !+i

0,c

É�,5g{ Li Ú­��  10.3%��

�3/� β ��F�{ Mg-Li ��0
) β �-E

]���ð1�DEP2¶345�6à�×�½

��� !�¯��+β

a

É�,�lï�bcc ¸-�

Mg-Li ��R��7 89!�tu��:;Z<

~f=>����

[32]

�  

����������	
��
�����

¢£¤¥�Ñ\��noF�IJ3�¦Â1�

�+< 0.05%,���?@f�wE�¦J

[33]

�{��

noÚ­��A�¦Â1]�BC����­DE�Ý

Þ��Fw*KÚ­Pçö1�üç������&

!���	 α-Mg���
�BC��%&�8�D�

c Mg

2

Caqï�Ý�%&�8�E�r� 4#$

[34]

�

t����M�D%&�8�BC�F���È��

�Ç��][yZ�����wE%&���� 

 

 

 

 

 

 

 

 

 

 

 

� 4  ���������	
�	 ! 

Fig.4  Potentiodynamic polarization traces of secondary phases 

in Mg alloys along with pure Mg for comparison in 0.1 

mol/L NaCl

[34] 

 

kgBC�FG� α-Mg �H7¤D½�¦Â

[35]

�V

]�t�BC��Ú­hi��noÚ­�j7gj

7�×��F�V]�I��1J�����"��

�F��g¯°j����%&��� 

KL�%&����IJ��M¦§þN�1J

Z A

Mg

�gBC��M¦§þN�1JZ A

SP

+SP2

secondary phase�A�O84 cm

2

,�ÌÍP��8Á

H�IJ�KBC�wE�%&���3���%&

�88N 2 u��%&�8Ò��{Q%&�8RS

2 u��%&�8]������½���%&4 2

u�½���%&��E+üçN�IJ��½��

�%&,�g���������%&4 2 u���

��%&��E+üçNBC�������%&,�

g�����%&�8+E

Mix

corr

�V,K%&�/

+I

Mix

corr

�A/cm

2

,�z*+9,K+10,ð$2 

SP Mg Mg SP SP

Mix Mg SP

c a a c SP corr

corr corr corr

Mg SP Mg SP Mg SP Mg

a c a c a c Mg corr

ln

A i

E E E

A i

β β β β

β β β β β β

⋅ ⋅

= ⋅ + ⋅ + ⋅

+ + + ⋅

(9) 

Mg SP SP Mg

Mix Mg SP

a c corr corr

corr Mg corr SP corr

Mg SP Mg SP Mg SP

a c a c a c

ln ln ln

E E

I A i A i

β β

β β β β β β

−

= ⋅ ⋅ + ⋅ ⋅ +

+ + +

(10) 

*32

Mg SP

corr corr

/E E 4�IJ�KBC���%&�8�

V5

Mg SP

corr corr

/i i 4�IJ�KBC���%&�/01�

A/cm

2

5�

Mg SP

a c

/β β 4�IJ��½��� Tafel b�

KBC������ Tafelb��V/dec� 

)*+9,K+10,�Ð�FQT��fÉ]�B

C��Ú­üç� A

SP

��ä��g�ÕÖ���� 

�

Mix

corr

E

K

Mix

corr

I

�qr�Birbilis ¡

[25]

¢£�UVno 

Ce�Ø7ÙQÚ­M Mg-xCe��F 0.1 mol/L NaCl

¦§3+pH=6,�������ÕÖ�¸Wð��h

i CeÚ­�j7�BC� Mg

12

Ce�Ú­hÒj7�

10

-8

10

-7

10

-6

10

-5

10

-4

10

-3

10

-2

-1.6

-1.4

-1.2

-1.0

-0.8

 

 

E
/
V

S
H
E

i/A⋅cm

-2

 Mg

 Mg

17

Al

1 2

 Mg

2

Al

3

 Mg

2

Ca

 Mg

12

Ce

 Mg

12

La

 Mg

3

Nd

 Mg

2

Si

 Mg

24

Y

5

 MgZn

2



�366�                                        �������	
                                              � 50� 

{ CeÚ­��A�¦Â1 0.74%+�­�\,]��

��%&�/¯°Ê��t4kZ Mg

12

Ce yZ��

��M¦§þN1J�j��Ê������%&¦

Â��� 

lï��� 4�����[XBC�+Mg

17

Al

12

�

Mg

2

Al

3

�MgZn

2

¡,�%&�8��IJ��%&� 

8�Ó���)*+10,�Ð�Cý�ÓY��

Mix

corr

I

 

Y��×��Ft�BC�����%&YZº�q

r�Mg-Al ��3BC� β-Mg

17

Al

12

��IJ��%

&�8�Ó 0.3 V

[36]

+� 3,�{�­BC�yZ��

���IJ�-E%&���]��IJ��¦Â�

��¯7�� 

�*+10,R����+

Mg SP

a c

β β+ ,��Y��

���%&�/Yä�)|}�Ð�BC�����

� Tafel b�

SP

c

β

�É��	�IJ�½����

Tafelb�

Mg

a

β

�É�pä�rWBC�F�IJ�w

E�[©�è�à�WX

Mg

a

β

��¯°É�+R�N

SP

c

β

,�l]BC�Ú­�j�+A

SP

j�,M���

��%&�/�yz�ä���� A

Mg

�®ä\��

�%&�/

Mix

corr

I

�®ä�kl�BC�wE[©�ß

�à��¯°������%&���� Mg-Al��

Zq�{ β-Mg

17

Al

12

��Ú­f��wE[©�]^

]�l]

Mg

a

β

�

SP

c

β

�{�g A

SP

/A

Mg

_`j���� 

�þN%&é����½�¦Â���c4�{ β �

�Ú­��wE[©�]^¬��IJ�: β�aS�

P?1�IJ�1JÉä���½�¦Â���"P

?1�[©� β �����IJ�%&�bc�EZ

Mg-Al��d%&�ef�tu¥¿�FP� Mg-RE

��3�UVno+r Ce�La�Nd�Ge K Y,��

wE�%&���3¤¥

[37, 38]

�rWBC��Ú­g

.��[þ�hwEij�k�ö1�ìl]lä�

�IJ�:ñòFij� β �I
�WX�IJ�%

&bc����:¯°���ì%&m>��n�I

J�]o�p©%&��gÊ�����&!��c4�

rW β�f�wEij�k�WX�IJ���qá:

%&�?@�IJ�rs��EZº�%&ât� 

uÒ�{�IJ�K��3�BC�wE%&�

��]������%&�/)����Ú­�2 u

�%&�8�Ó��Ù��4v��wEæç�è�

àüç� 

���������	
��
�������

�����M���w�?*K]JDxwym

DÕÖ�)l�����E�z'Ãý]oÉ��)

ð 1�Ð�óô���no+Al�Zn�Mn,�{Vn

o+Ca, Sr,�ÙUVno+Ce�Y,#�#$���

���|*}�l�����]o��	gú�Zrn

o��~[¯°�l�]o�Ý���^�� α-Mg

�]�ÉZ�l��j]o�¢£ð��]ol��

��É�LÃ��F%&�ö3�S·��?* S

· !ÙS·b������%&ÅÆÇ�É�

[39]

�

qr�Hoog ¡

[40]

¢£�¡����¬�y
�

+99.9%,�]o��É��ÙF 0.1 mol/L NaCl¦§

3
��%&��ÇBZ�̧ Wð��¡����¬�


��T#]o���Ô 875 µm+�y,®ä.Ô

16.9 µm+¡����y,��	���]o��y


����y
��%&�/01���Ô 100 s�V

]�TÞ¤¥]ol��%&�/01���D�(�

Ralston

[41]

K Birbilis ¡

[42]

F��¢£¬¤¥����

�%&�/01K]o���ET?Ì�&!�(�

tu(÷<��L�1�]o��Ò��~Hall-Petch�

�(÷��z*+11,ð$2 

0.5

corr s

( )i A B g

−

= +

                        (11) 

*3�g

s

+grain size,ð$]o���A K B #Z[

\�Q3 A���%&J÷�(��zhÂ�VP�

�F�V]o��]���fV�%&��5B �ð

P'���*�ÙÚ­�(�[\�� 5 c$�fV

%&J÷�<~Hall-Petch�(÷�Fi 2u�0��

���

[43-48]

�� 5ac$�{#¢£�J÷%&��f

�N 10 µA/cm

2

]����%&�/01h]o��

ET?Ì�j7g��+B�0,5� 5b c$�{#

¢£�J÷%&���N 10 µA/cm

2

]����%&

�/01h]o��ET?Ì�j7g��+B�0,�

� 5a 3p��%&��4kZ���ð1�Fè�

à�{���]ol�¬�]^01j��è�yz

x�LS·����1É���g×�½�����

�.���%&�/01���� 5b3p��%&�

�4kZ��ð1è�àfæç�qá: Cl

-

¡S·â

t�]ol�¬]^01�j��g7���LS·

�b���g×�½�����7��%&�/01

���	
<~Hall-Petch�(÷-.�P���¸W

����c4� 5�Ù���3]o���Óf�+�

� û�¡Gä,�¾|
¢£¤���%&�/0

1Kp�¥1�]o��Ò�<~Hall-Petch�(÷�

����� 

�-���4��}<~Hall-Petch�(÷3]o

��M�ÙQ��%&���ÕÖ¢£3�]o��

�É�ë~)���×���g�Ñ4¦�§¨Á 

É�¨Á�Ù©ª«¬¡?å�¥�t�¨Á­®�

×����>Á �Ç!���É�kl]ol��

�ë~4�É�����Ç%&���Ì�Sk�l



� 1�                                  ������	
��	
�����������                          �367� 

ï�¾|++¦��ÉØ7��no�u<KÚ­�

¥]ol�Ag��<~Hall-Petch�(÷�¢£Rf

[X�t������×��]ol�f����%

&���¯°É��(�gQTko+r�%&�Å

ÆÇÈ\ %&¯� %&m>¡,°M����%

&���.üç!ÕÖ� 

�������	
��
�������

���×�����|*}�£±ñòBC�K

²� �³ ]o1f#�Ù]^ ´]^¡��M

����&!�mDPçÕÖ�|1a'äµ¶}�

BC��Ù]o��M���%&���ÕÖ��ä

µê�M²� �³�Ù]^ 3 u£±M���%&

���ÕÖAB·}� 

���3�²���Z~�LI²�+ê�4ß

�>K¸�>,K�LI²�+�L���>,

[49]

�

P���no���É���3²��<¹KÚ­�

qr� Mnno��®����3¶ Fe Mn�Ù Al

��L���>�Ú­�gØ7 CaK Be��®�ß 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 5  ����������� !"�#$ 

Fig.5  Relationship between corrosion current density and grain 

size for Mg alloys at low current densities (a) and high 

current densities (b)
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Fig. 6  Changes of the corrosion potential and corrosion current 

density of the twin boundary (TB) region and perfect 

grain surface due to microscopic galvanic interactions 

between surface twin boundaries and grains
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Table 2  Mechanical and corrosion properties of Mg-xCa 

based alloys
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Mg-0.5Ca-1.2Zn 121.3 60.3 8.2 695 

Mg-0.5Ca-1.2Zn 150.7 84.3 4.8 420 

Mg-0.5Ca-0.5Mn   4.2/0.83  

Mg-1Ca-1Zn   4.3/1.6  

Mg-1Ca-1Mn   4.02/2.82  

Mg-2Ca-0.5Mn-2Zn 168.5 78.3 1.78 78.3 

Mg-2Ca-0.5Mn-4Zn 189.2 83.1 2.27 99.6 

Mg-2Ca-0.5Mn-7Zn 140.7 45.4 3.98 174.1 

Mg-0.5Ca-0.25Zn-0.25Mn   6.9/0.62  

Mg-1Ca-0.5Zn-0.5Mn   4.05/2.09  
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Research Progress in Effect of Alloying on Electrochemical Corrosion Rates of  

Mg Alloys 

 

Liu Yuxiang 

(National Key Laboratory for Remanufacturing, Academy of Army Armored Force, Beijing 100072, China) 

 

Abstract: The great potential for applications in automotive, aerospace and electronic industries of magnesium alloys can be attributed to 

their desirable properties such as low density, high specific strength and stiffness, superior damping capacity and good electromagnetic 

interference shielding. Meanwhile, the alloys also have broad medical applications and receive extensive scientific research due to their 

biocompatibility and biodegradability in physiological media. However, the Achilles heel of magnesium is that it corrodes too fast in 

solutions. Alloying is one of the most important approaches to slow down corrosion rates of magnesium alloys. It facilitates the creation of 

new Mg alloys by optimizing the composition and content of alloying elements in the stage of materials design, so that the new alloys 

acquire desired properties to meet the requirements of various applications. During alloying, the elements, secondary phases, gain size and 
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defects greatly influence corrosion kinetics and electrochemistry of magnesium alloys. In terms of corrosion kinetics, most alloying 

elements can affect the activity of anodic and/or cathodic reactions of Mg, though they have negligible effects on the chemical stability. 

The secondary phases always serve as cathodes in the micro-corrosion couples, so that the micro-galvanic corrosion is possible and the 

dissolution of Mg is accelerated. Microstructural homogeneity and grain refinement are responsible for the decrease of corrosion rates of 

Mg alloys. It is believed that alloys with relatively high grain boundary densities tend to exhibit an analogous relationship between grain 

size and corrosion rate like the Hall-Petch relationship, which can quantitatively reveal the relationship between corrosion rates and grain 

size. In addition, the defects including dislocations, pores, cracks and stresses are ready to trigger the dissolution of Mg since these 

locations have high free energy. In this article, the influences of alloying on the corrosion rates of Mg alloys were reviewed from the 

electrochemical viewpoint, on the basis of the corrosion nature of magnesium metal. Then the possibility of an improved anti-corrosion 

performance of Mg alloys by some alloying-related methods such as multi-elemental alloying, micro-alloying and alloying control was 

analyzed. At last, the future development directions of electrochemical corrosion of magnesium alloys under the influences of alloying 

were pointed, to contribute broader applications in the future. 

Key words: Mg alloys; corrosion electrochemistry; alloying element; secondary phase; grain size 
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