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�)*EFG�HIJKL:M�34

�N7O2PQ:�RS=!T-UV T6 W

Mg-8.2Gd-3.8Y-1.1Zn-0.4Zr (XEYZ, %)34�[\

M�]^ 416 MPa�_`M�	 505 MPa

[2]

� abW

Mg-10Gd-6Y-1.6Zn-0.8Mn (XEYZ, %)34�_`

M�	 386 MPa�cdefgh	 10%

[3]

-ij34

�klmEnop 10%�N7PQF:-qr ZK60A

��34s�op 300 MPa�M��tu]vGwx

�wklyz�AI{|}w Zr ~�� Mg-Zn 34

�����>��������

[4]

�t Zr�=���

�:��������w� Zr ������2P

ZK60A34�O2PQ�:��-�� Coy�

[5]

�H

 	 ZK60A 34RS=T�JKL¡ Zr .¢ α-Mg

£¤¥¦�§¨T:0I©ª«.¢£¤�§¨T�

K��¡ Zr.¬	®�¯�°±.�w²³�34

�´Sµg- 

¶·+¸¹*ab12� Mg-6Zn-1Al-0.5Mn 3

4&��º�M»=¼½�34�_`M�h 300 

MPa�[\M�op 250 MPa�cdf¾gop 20%

[6]
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.¿0 ZK60A34�À34�»=ÁO2PQ&�±

��Â¨�AIM�Ã0 ZK60A34-	�ÄÅÆ

ÇÈ:34�M�vÉ�9'�)*ÄÊ- 

ËÌÍÎ�Ï34ÐLÈ:ÑÒ=!�Ó�$

ÔÕ-Ö���H×Ø�ÙÚ Ca�Sr�Zr�Mn�YÁ

Ce�ÛÜyzxÝÞxß3}wDMg–Znà34��

V Mg-1Zn-0.12Sr(JáYZ , %)

[7]

�Mg-4Zn-0.3Ca- 

0.1Ce (JáYZ, %)

[8]

�Mg-3Zn-0.25Ca-0.5Zr-0.15Mn 

(JáYZ, %)

[9]

�34�=!Ø�:0£¤34-I�

� Mg-Zn 34�GE}w Ca�]vâÐßã�äÆå

Wæ@

[10]

ÁçÐ56d�èé

[11]

�VMg-4.50Zn-1.13Ca 

(XEYZ, %)34abd�I[\M�	 292 MPa�c

defg	 13.6%

[11]

-� Mg-Zn34�}w Y�]v

6Pêëì��æ@.�Hu �í

[12]

� Mg-6Zn-1Mn- 
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4Sn (XEYZ, %)34�}w 0%~1.0%Y(XEYZ)�

äÆ³îïé�6PÁ�$MÐ$%�I�}w

0.5%Y�34;<=!ðñ�_`M�^D 376 MPa�

cdefg	 7.7%

[12]

-Chino�

[13]

 	 Y!È:òó

<a>�ôõ��=�6Pçãé�È:34�=!ö

÷=- 

�ø�ùyzÏ34Ð¿ Mg 34ßãÁúû=

!�üý�	þ��A¿34�=!È:$%/Ýy

zº

[14,15]

-UV Mg-6Zn- 0.2Ca-0.8Zr(XEYZ, %)3

4abd�/abW Mg-6Zn-0.2Ca (XEYZ, %)3

4�ßã9â��æ@.Y�9ö÷

[14]

-��D Ca

xY¿Mg-Zn34��±$%ÁÏEùyz34Ð]

!��ö÷æ@uâ��ßã��tÈ:34�M»

=-Q�H	¹* Y Á Ca Ï34Ð Mg-6Zn-1Al- 

0.5Mn34��HÏEyz¿34ßãÁ=!�üý�


��34M»Ð�ú��	ÃPQ:MRS�34

��È���ÔÕ- 

1  �  � 

v Mg-6Zn-1Al-0.5Mn �34	£¤34���

³ 3ÓY�}w 0.5Ca�0.5YÁ 0.5Ca+0.5Y���3

4�IÐ<PY�× 1-34O�¹* 99.9%� Mg�

99.9%� Al�99.9%� Zn�Mg-10%Mn�Mg-20%Ca

Á Mg-20%Y�ZK60A34� ASTM����½O-

� !� Mg�� Al�� Zn� CO

2

Á SF

6

"3#$"

3/U	 100:1%�&'��§()*+�,Ð�rd

}w Mg-10%Mn�-.���34PYÅÊY�}w

Mg-20%Ca Á Mg-20%Y �¦34�/��0�1

730 ��¹* Ar

2

23�45&� 30 mind67ab1

28&-ab12�bM	 100 MPa�&b�¦ 30 s�

8�	 250 9�1:ì;	 Φ150 mm×100 mm- 

!1:w<P�80 mm=100 mm:>�� 335 9

ö÷Ð?� 8 h�rd� 360 9ab�ab/	 16:1�

ab@µ�	 1.0 mm/s- 

{. GB/T13748.20-2009¹* ICAP6300ABCD

�Eá¤FBGHI�34�Ð<PY-4.JKÁL

MJK$NabO�PK%�úûQFd*RSTUS

VW$10 mLX+6 gTUS+5 mLRS+100 mLYZ%

´S�[\§]JK¹*Eá"^�Eáwµ§b 5.0 

kV-EBSDJK� 37.5%_S+62.5%YZV`�Æa§

áQF�<¬��Ã0 20 ��¹*§b 0.1~0.5 A�c

d�¦	 10~60 s-34��Ïßã¹* Olympus�Ï

]�Quanta Feg250 LM§](SEM) Á FEI 5022/22 

Tecnai G2 20 S-TWIN[\§](TEM)�ÆaYæ-.

PY¹* Rigaku D/max-2500/PC X-raye\G(XRD)×

f-�34`fJ��g ASTM A370-03a���h�

�Æa-´SJKijkì;	 10 mm=10 mm�JK

�´Sa	� EC500 §Ð<<¬lIEd¹*±Ðm

n×f�¹*o§±¤à�§�X	 3.5%NaClV`�

�h��Æa-vp§qLMrI�JK�±Ðmn�

LMµg	 1.0 mV/s-´SJK� 3.5%NaCl§�XV

`st 5 h d¹* BSM-220.4 §á�u$H�Y�v   

1 mg%IEXE�w- 
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Table 1  Chemical composition of the as-cast alloys (ω/%) 

Sample Zn Al Mn Ca Y Zr Mg 

Mg-6Zn-0.5Mn-1Al (ZAM610) 5.71 0.93 0.411 - - - Bal. 

Mg-6Zn-0.5Mn-1Al-0.5Ca (ZAMX6100) 5.74 1.05 0.423 0.570 - - Bal. 

Mg-6Zn-0.5Mn-1Al-0.5Y (ZAMW6100) 5.52 0.87 0.403 - 0.480 - Bal. 

Mg-6Zn-0.5Mn-1Al-0.5Ca-0.5Y (ZAMWX61000) 5.90 1.00 0.420 0.560 0.420 - Bal. 

ZK60A 5.82 - - - - 0.48 Bal. 
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� 1  ����� XRD�� 

Fig.1  XRD patterns of the as-cast alloys 
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� 2  ������� SEM�� 

Fig.2  Low-magnification SEM images of the as-cast alloys:   

(a) ZAM610, (b) ZAMX6100, (c) ZAMW6100, and     

(d) ZAMWX61000 

 

ö��ì;Y�	 5.64�2.15�1.98Á 1.35 µm-z�

]��}w Yx Ca�¿ Mg-Zn-Al34&�©º��

�âÐ¬*�I�"3}w Y+Ca �âÐ$%º0Ý

Þ}w-x 4	���34abd� SEMg}-zx

]��34�abßã�����¦��ij��N

abO�#§�)ÀLö÷Ð�ªV�ª«.�56 

20 30 40 50 60 70 80

 

 

*

o

o

o

*

***

#

#

#

2θ /(

o

)

I
n
t
e
n
s
i
t
y
/
a
.
u
.

�  Al

2

Y

ooo o ooo

∆  Mg

3 2

(AlZn)

4 9

o  α−Mg

 

*  Mg

51

Zn

20

*

o

 ZAM610 

ZAMX6100

ZAMW6100 

 ZAMWX6100 0

o o∆

ooo o

o ooo

o

o

ooo o o ooo

o o∆

ooo

o ooo o o∆

ooo

o ooo

o oooo

o

o oo

o

a 

b 

c 

d 

Mg

51

Zn

20

 

Al

8

Mn

5

 

Mg

32

(AlZn)

4

 

Mg

51

Zn

20

  

Al

2

Y  

A l

10

Mn

2

Y  

50 µm 

Mg

51

Zn

20

  

Al

2

Y  

Al

10

Mn

2

Y  



�2454�                                         � �!"#$%&                                            � 49' 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 3  ()���*+�
�  

Fig.3  Optical images of the as-extruded alloys: (a) ZAM610, (b, e) ZAMX6100, (c) ZAMW6100, (d, f) ZAMWX61000, 

 

 

 

 

 

 

 

 

 

 

 

� 4  ()���*+� SEM�� 

Fig.4  SEM images of the as-extruded alloys: (a) ZAM610, (b) ZAMX6100, (c) ZAMW6100, and (d) ZAMWX61000 
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� 5  *+�()��� TEM,-. 

Fig.5  Bright field TEM images of the as-extruded alloys: (a) ZAM610, (b) ZAMX6100, (c) ZAMW6100, and (d) ZAMWX61000 

 

�

 

�

 

 

 

 

 

 

 

 

 

 

 

 

� 6 *+�/ Ca��01234� TEM�� 

Fig.6  TEM image of nano-precipitated phase of Ca-containing alloy: (a) ZAMX6100, (b) ZAMWX61000, (c) corresponding precipitated  

phase particle and SAED pattern of Fig.6a 

 

2.3  ���� 

���34abd�;<=!�× 2

[20]

-abW

ZAM610 34�_`M�Á[\M�½Ã0 ZK60A

34�Af¾g:0d·-¾� Ca�Y34yz�}

w�34�M�Ø�È:�ZAMX6100�ZAMW6100 Á

ZAMWX61000 34�_`M�Á[\M�Y�/£

¤ ZAM61034È:³ 10%~17%Á 32%~45%{cd

f¾g½��¿�¿À	 12%~21%-zIJï%]Î�

Ï34MÐ�$%	ÁÝÞ}w Ca mE>ß3}w

Y+Ca>ÝÞ}w Y- 

c 

d 

a 

b 

c 

(0001) 

(1010) 

B//[0110] 

a 

b 



�2456�                                         � �!"#$%&                                            � 49' 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 7  *+��� EBSD�	�5�6� 

Fig.7  EBSD maps and corresponding pole figures of the as-extruded alloys: (a) ZAMX6100, (b) ZAMW6100, and (c) ZAMWX61000 

 

� 2  Mg-Zn-Mn-Al-Ca ��� ZK60A ������	
� 

Table 2  Tensile properties of the as-extruded Mg-Zn-Mn-  

Al-Ca and ZK60A alloys

[20]

 

Alloy 

Tensile 

strength/MPa 

Yield 

strength/MPa 

Elongation/% 

ZAM610 304, 302, 302 216, 215, 217 19.0, 21.5, 18.5 

ZAMX6100 358, 355, 350 317, 316, 307 16.5, 17.5, 18.0 

ZAMW6100 340, 343, 332 287, 291, 279 21.5, 15.0, 10.0 

ZAMWX61000 342, 344, 349 289, 296, 301 15.0, 18.5, 18.5 

ZK60A 314 225 6 
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x 8	 ZAMX6100�ZAMW6100�ZAMWX61000

Á ZK60A 4Ó�34�±Ðmn-�p±Ðmn$Â

ÃÄmn%��34�´S§qvÁ´S§b��v�

ï%V× 3 Ìy-¢ ZK60A 34./�ZAMW6100

34�´S§qÈ:³ 39 mV�I© 2Ó34�´S

§q5Ð��{´S§b��Ok�ZAMW6100�

ZAMX6100Á ZAMWX6100034Y�	 ZK60A34

� 39.9%�10.6%Á 17.4%-�ø�́ S§qÅ�0Æ�

´S§b��ÇÅ��ÑÒ�_´S=!�ÅM-K

��}w Yx Cad�34�RS=Ø�È:- 
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A´SÒÓ��>«�½Ã0d·- 
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� 8  78()9��: 3.5% NaCl;<=>�6?@A 

Fig.8  Polarization curves of the as-extruded magnesium alloys in 

3.5% NaCl solution 

 

� 3  �������������� 

Table 3  Corrosion potential (E

corr

) and corrosion current 

density (i

corr

) deduced from potentiodynamic 

polarization curves 

Sample 

ZK- 

60A 

ZAMX- 

6100 

ZAMW- 

6100 

ZAMWX- 

61000 

Corrosion electric 

potential/V 

-1.535 -1.536 -1.496 -1.553 

Corrosion electric current 

density/mA·cm

-2

 

8.592 0.908 3.424 1.496 

 

34� 1/10�RS=ðº{IÔ 2 Ó34�RS=¢
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3.1  ��������	
��� 

-. Mg-Zn«y34.x�613 K(340 )� �34

�N��Õ)�`.Ö×P α-Mg Á�Ø.�I��

Ø.PY	 Mg

51

Zn

20

.

[17]

-}w Al d�Al � Mg �

�×V���$�����ÙÁ×V�L 12.9%, X

EYZ%��� ZAM610 34�� Al £Q�×V0

α-Mg £¤�ª!6PÚ.�K� ZAM610 341W

ßã��ª«.L Mg

51

Zn

20

.- 

�ø]vÛÜ§Ý=Tv~Þcyz¦6PÐ3

��|�«��§Ý=TvÅ��yz¦�ï3;Å

��ÇÅ��6PÐ3�-Ca�Y�Mg�AlÁ Zn�

§Ý=Y�	 1.0�1.22�1.31�1.61 Á 1.65�K��

Al

2

Ca�Al

2

Y.�6P.¿��-AÖ��H×Ø
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Fig.9  SEM images of corrosion morphology of Mg alloys: (a, e) ZK60A, (b, f) ZAMX6100, (c, g) ZAMW6100, and (d, h) ZAMWX61000 
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Table 4  Mass loss of magnesium alloys after immersion in 3.5% NaCl solution for 5 h 

Sample ZK60A ZAMX6100 ZAMW6100 ZAMWX61000 

Initial mass/g 1.1975 1.2571 0.8221 0.8138 

Mass after immersed/g 1.1985 1.2569 0.8228 0.8138 

Mass without corrosion product/g 1.1501 1.2522 0.8148 0.8100 

Corrosion velocity/mg·(cm

2

·h)

-1

 9.48 0.98 1.46 0.76 
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Abstract: The effect of trace addition of Ca and Y on the microstructure, mechanical properties and corrosion properties of Mg-6Zn-1Al alloy 

were investigated. The results show that the second phase in the as-cast ZAM610 alloy consists of α-Mg, Mg

51

Zn

20

 and a small amount of Al

8

Mn

5

 

phases. The Mg

51

Zn

20

 phase in the as-cast alloy is substituted by Mg

32

(Al, Zn)

49

 with Ca addition. α-Mg, Mg

51

Zn

20

, Al

2

Y and a small amount of 

Al

10

Mn

2

Y phases are found in the Y-containing alloys. Y or/and Ca addition refines markedly the recrystallized grains of the tested magnesium 

alloys, and the alloy of Y+Ca addition has the minimum grain sizes. In the Ca-containing alloy, MgZn

2

 phase is dynamically precipitated during 

extrusion, which has strong effect of Zener retardation, and forms a double-mode microstructure composed of fine recrystallized grain and coarse 

deformation zone. ZAMX6100 alloy has the highest tensile strength, yield strength and elongation, which are 354 MPa, 313 MPa and 17.3%, 

respectively. In addition, Al

2

Y phase in Y-containing alloy promotes recrystallization nucleation during deformation, resulting in a reduction of 

deformation bands. The improvement of mechanical properties of tested alloys after microalloying can be attributed to the refinement of dynamic 

recrystallization grains, the formation of Al

2

Y phase particles and the dynamic precipitation of MgZn

2

 phase. For corrosion resistance of the 

Ca-containing alloy, the raising reason is that a large amount of dynamically precipitated MgZn

2

 phase prevents the continuous corrosion, while Y 

element improves the corrosion resistance of the alloy matrix. 

Key word: Mg-Zn-Al alloy; microalloying; extrusion deformation; dynamic precipitation 
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