
� 48�    � 11�                                 ��������	                                 Vol.48, No.11 

2019�      11�                       RARE METAL MATERIALS AND ENGINEERING                    November 2019 

 

�����2018-11-05 

���	����	
�� (51364032)�����	
���� (2018MS05039) 


���������1968������������
��� !"#�$���� %& 014010�E-mail: lzlflying@126.com 

  

����� Nd ���	
������� 

LPSO ����� 

 

���������  	��  
��� 

(���
���, ��� %& 014010)  

 

�  ��'()*+,�-./ Mg-9Al-3Zn-1Mn-9Ca-1Nd 0+,1�23456789:;67<=> 340 ?�

67@> 25:1ABC( SEMDTEM E XRD FGH0�IJK�DMg-Nd-Zn L LPSO MNJO:PQR LPSO MN

J"�IJK�STOUVBMWXYZ[ Al

2

(Ca, Nd)L C15J\:P] 6H-LPSOMNJ�C15^_`abcd=e

fghibcjdk C15^_`a:POlmnMop C15^_q�K�Orstu�vwx C15^_yzlmD{

.|M}}^~�p;0002A���NR��;

1010

AE��;

1011

A�N:POrstu��������Ov

wx C15 ^_� Nd ���d� C15 ^_�:P LPSO MNJ��������O�wx C15 ^_� Nd �����

C15^_�q�K�B 

����H0�C15^_�LPSO��N��IJK� 

�������TG146.22        ������A        �����1002-185X(2019)11-3721-06 

 

��������	
long period stacking ordered 

structure�LPSO���������������

�������������� !"�# LPSO

�	$%��&'()*+,-

[1-6]

./012

[5,7,8]

�

3�4567��89$:;�<=>?@ABCD

�EE:�FGHI��E:�JE:HI�<KL

MNOPNQRST��UVWXY	Z[I.LPSO

�	$� \]^“�	��”_“\`��”ab`�

?@cde2“\`��”fgh[ijk�lmJK

L LPSO �	$� \

[8,9]

.LPSO �	$�<n4�

��opqOrs�tuvwxX)yzh{vw)

89$h \�# LPSO ��	�<|\`}~J�

�

[7-11]

����������� 18R-LPSO �	$�

f����v�I2 14H ��14H-LPSO �	$)�

�����I2 6H � LPSO �	$.���yz�

����<��������h���E:����

E:��UV�QR���T������� ��

���yz����� {��� LPSO �	$�

"�# LPSO �	$���BC�E�F���E�

 ¡¢

[12-15]

.£¤¥V“89$:;���%89$:

;� LPSO�	$&'�¦-”§m¨©

[9,16]

. 

ª«¬w®¯° Ca/Nd4��I���±²³

´2Wµ¶·��¸«¬89$��G89$� LPSO

�	���wO89$� LPSO �	$%89$��

&'�¦-�2�������n¹yº»¼. 

1  �  � 

ª « ¬ ½ ¾  ® ¯ ° ¿ À Á Â Ã Ä " Å

Mg-9Al-3Zn-1Mn-9Ca-1Nd
ÆÇ`È�%��) Osprey

ÉÅ�"Å���¯°´�Ê¾Ë N

2

e2ÌI_ÍÎ

Ïz�ÏzÌI³�2 0.6~0.9 MPa����Ðz5s

2 760Ñ830 Ò�Ó�) 8000 kN ²³!�¥¯°´

LÔ²³Õ� �²³5s2 340 Ò
613 K��²³

Ö2 25:1�×�ØÙ²³´Ú¶�Ó�D!ÛÜÝ\

Φ10 mm×15 mmÞß.  

½¾ QUANTA400�àáâ;ãäå
SEM�_

Ýeâ³2 200 kV� JEM2100�4`æç®â;ã

äå
TEM�èé��êY ëG`ì$\`Aí7

89$Ez�	.TEM Þßî¾�$ïð
400#G

600#G800#G1000#�ñòóô 30 µm�õ\ö�2 3 

mm�÷ø�D½¾�ù2 gatan Model 656�úûü

ý TEMÞßñòóô 15 µm�þ�U¾ gatan Model 

691 �;¡�ü"Å\ TEM ß�.Y	`ì½¾

BRUKER�AXS��� D8-ADVANCE X®��®ü
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� 1  H0671OJ��" XRD�� 

Fig.1  OM image (a) and XRD pattern (b) of extruded magnesium alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 2  671 Mg��R�MN TEM�� 

Fig.2  TEM images of Mg matrix and substructure of extruded billet: (a) Mg matrix; (b) substructure bright field image on Mg matrix;  

(c) dark field image of Fig.2b; (d) SADE pattern of A in Fig.2b 
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� 3  671H���� :¡�IJO TEM��R3 SADE¢£ 

Fig.3  TEM images (a, b) and SADE patterns (c~f) of the second phase with different shapes in extruded magnesium matrix: (a) rod 

second phase; (b) block second phase; (c) SADE pattern of A in Fig.3a; (d) SADE pattern of B in Fig.3a; (e) SADE pattern of D in 

Fig.3b; (f) SADE pattern of C in Fig.3b 
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Table 1  EDS analysis of areas A, B, C, D in Fig.3a and Fig.3b 

ω/%  at/% 

Element 

A B C D  A B C D 

Mg 10.9 45.9 5.9 6.1  16.7 58.3 8.2 10.3 

Al 36.3 20.3 40.0 29.1  49.9 24.3 50.6 44.4 

Ca 28.3 15.1 45.4 34.7  26.2 15.1 38.0 35.6 

Nd 21.4 14.9 3.0 26.7  5.5 3.3 0.7 7.6 

Zn 3.1 3.8 4.9 3.4  1.7 1.9 2.5 2.1 
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� 4  H0671¤ ED¥¦O X*§¨*��E©ª� 

Fig.4  XRD pattern (a) and inverse pole diagram (b) of 

magnesium alloy extrusion billet along ED direction 
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� 2  LPSO�������	
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� 

Table 2  LPSO structure type and corresponding stacking 

fault energy and single layer stacking fault 

energy

[24]

 

System ABC stacking sequence SFs SFE 

SFE per 

fault 

ABCBCB (1) 2I

1

 44.08 22.04 

6H 

ABACAB (2) 2I

1

 44.08 22.04 

10H ABACBCBCAB 2I

2

 64.96 32.48 

ACBCBABABABCBC (1) 4I

1

 69.08 17.27 

ABABABACBCBCBC (2) 2I

2

 63.32 31.66 

H14 

ABABABACACACAC (3) 2I

1

 33.06 16.53 

 ABACBCBCBCABAB (4) 2I

2

 63.32 31.66 

 ABABACBCBCBCAB (5) 2I

2

 63.32 31.66 

ACBCBCBACACACBABAB(1) 3I

2

 94.02 31.34 

18R 

ABABABCACACABCBCBC (2) 3I

2

 94.02 31.34 

24R 

ABABABABCACACACABCBCB

CBC 

3I

2

 101.61 33.87 

 

� 3  C15������ LPSO���� EDS���� 

Table 3  EDS analysis of twin phase and LPSO phase on C15  

particles

[9] 

ω/% 

at/% 

Element 

Twin 6H 24R Twin 6H 24R 

Mg 5.9 45.9 34.4 8.2 58.3 44.2 

Al 40.0 20.3 26.7 50.6 24.3 30.9 

Ca 45.4 15.2 23.9 38.0 15.1 18.6 

Nd 3.0 14.9 4.4 0.7 3.3 1.0 

Zn 4.9 3.8 10.6 2.5 1.9 5.3 
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Twinning of Second Phase and Formation of LPSO Structure in Extruded Billets of  

Nd-Contained Magnesium Alloy by Spray Deposition 

 

Li Zhenliang, Yue Songbo, Liu Fei, Li Xin, Duan Baoyu

 

(Inner Mongolia University of Science &Technology, Baotou 014010, China) 

 

Abstract: The deposited billets of Mg-9Al-3Zn-1Mn-9Ca-1Nd alloy were prepared by spray deposition technique and pre-deformed by 

extrusion (extrusion temperature 340 ºC, extrusion ratio 25:1). The formation of Mg-Nd-Zn type LPSO structure on the second phase of 

magnesium alloy and the relationship between the LPSO phase and the twinning of the second phase were studied by SEM , TEM and XRD. 

The results show that the 6H-LPSO structure phase is formed on the Al

2

(Ca,Nd)-type C15 phase. The formation of dislocation 

entanglement around the C15 particles and the high concentration of stress around C15 particles are the main cause of the twinning of the 

C15 particles. The nano-scale C15 particles, pinning dislocations and inhibition of recrystallization grain growth, are the main reasons for 

the formation of (0002) basal and prismatic (101

-

0) and pyramidal (101

-

1) textures. However, it is easy to form LPSO structure phase when 

the Nd content is higher in the smaller C15 particles, while the C15 particles are prone to twinning when the Nd content is lower in the 

micron-sized C15 particles with larger average size. 
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