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0=2.5°~72.5° CHIIFE S G848 7] (TD) e 3l £ 5D, p=0°~
360° (RIFE S &EVL I (ND) s, LAFLIR(RD)J5 1)
00, WIS KA 50, HbRAELE Mg B K FEVEXS L
RAFEL (RD) AR

2 RBWLHER

BEEEFELRBMAR
BEA ST H S (ED) J7 10 (4 A 4140 ) 3L
XRD B 1 frs.

HE 1a w50, BEa a5l ki, 4], RF
0 1~3 um, 78 fioRE A S ER  S A 43 A AR R SRR A
KB AR T, B b ATA, BEA BRI
EEH Mg FHAR Mgo.97Z10,03 FAT Al,Ca FHZH K
P b Mg HEAR SV 2549 1) TEM B & 2 fros

2.1

K1
Fig.1

500 nm

Intensity/a.u.

BA SRR SHANYE
OM image (a) and XRD pattern (b) of extruded magnesium alloy

HHE 2a AT, BRI Mg JEAR R 6 fn kb R R 220 1
um, FSFBUN ONF 1 um) (55— HRL 7 R B2 A 4E
Mg A RL N Bl S E o AR ] 2b~2c AT A Ch ZEERE
g5k, 1 2d BT RTSAERER B A 850 5 FEAR A TR
DRI, R GEE5R S50 K Mg HEAR b iR 7

TAN, A SRR A BOIREE T AHFIPOIR EE AR
TEM %} A. B. C. D KbiEX H-FHTFAEFEWE 3
Przx, Ay By C. D ALREIGZ Rk 1 Pios.

Kl 3a PBOIREE AR A RS R T 100 nm, S
1 50 nm ZEA47 . HHPE 3¢ B A A3 X H F 7 8t AR AE AT 40
AR AR ML T AR, H 1 A kb
HIRE IS A1 Al/Ca Ji - LUEEE 2:1, AT ANEFRIREE —AH
i N Nd 1) ALCa M, Bl AL(Nd, Ca)AHfjHx A&
Nd ) C15 k7P CRICHiFR “C15 ki) MR

e Mg
V¥ AlCa
A Mgd_WZn
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2 Frldh Mg B A K W45 K TEM T
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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C15 phase

Lamellar phase

[0111/[011]r 2 -

K3 B IRBERAR N AR E A1 TEM v J H SADE {6+
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; (¢) SADE pattern of A in Fig.3a; (d) SADE pattern of B in Fig.3a; (¢) SADE pattern of D in

Fig.3b; (f) SADE pattern of C in Fig.3b

#z 1 E3a. 3b A, B, C. D& EDS &S A
Table 1 EDS analysis of areas A, B, C, D in Fig.3a and Fig.3b

/% at/%

Element

A B C D A B C D

Mg 109 459 59 6.1 16.7 583 82 103
Al 363 203 40.0 29.1 499 243 50.6 444
Ca 283 15.1 454 347 262 151 38.0 35.6
Nd 214 149 3.0 267 55 33 0.7 7.6
Zn 3.1 3.8 4.9 3.4 1.7 19 2.5 2.1

Kl 3d B B AbfE X L FATHH AR RELL 3R 1 h B AbfE
T g T Rz 2 R S5 Mg-Nd-Zn 2 6H-LPSO 45
FF®, Hi% LPSO 45 A EAE C15 B L.
H1 1 3e B D Ak 1 X B 77 S AL RE AT Sz POk 28 —
FUREF R IO ST g 248 . DR, T 26 Hr HeiR 55 Ak
TR Nd (1 C1s R7P), T e 36 R C bk X
TRIAEFERIZZ 1 op C AL e 1% 45 R ol %0 C 4k 2R KA
C15 K L RSFZY 1T pm 8 (117) J7 17 B TG N7 5 28
C A28 55 C1S KL [N TS 5 45k, HAR S B
AR, R WIZAR b AR e 452

22 HEEHREEDBIRHM

B Ly G B R ED J7 [ XRD P T e 2 1)
WK 4 Fios.

MK 4 T %n, BEA EB R W AUAAAE (0002)
FEMSR (W% 58 %k 5D, IBAFEAETT (10 T0)
HETH (10T1) ~ (10T2) 2 (e KIS LR R 3D,
ST BRSBTS £ otk

(0002)

Intensity/a.u.

o1

. C(120)013y1122)
(1010) (1012)

20

0002

Levels :00.50]10]1.50202.5030405

4 BB IIRAT ED J7 R X R LTI B3R S A B
Fig.4 XRD pattern (a) and inverse pole diagram (b) of

magnesium alloy extrusion billet along ED direction
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hep Z5HIMEES 4, 785 H TR T R0 s 4 55 91
PEAS L B b B . ED//<1010> (4RI 4H %)y« H R
4a. 4b AIAL, HHEMIER TERISH (0002) HETHZIR
AR (10To) MHEERT (10T1) ~ (1012) FFEH A
P, ST B2 et . SUZ AR 3 DA
(D AR RST/NT S pm B HF AT 78
Sy WG <cta> i A i B IFTE B (1120) A1 (10 T0) AT 1
U I DU B AR 4% (BB B TR B Al K
AT ERAR E TR SR AR T (AL Ca. C15 R T-55),
AN RE 2 00 ) A2 T 3 A v 5 i dtoRL K R W AT LA
B 5 BELRS A5 9 % T T PR v 5 FEE AR A 4 485 X S mT B Ay
T G5 A% T (R TR A% 00 1 A Ak B A 4 ok U
(2) Nd JuF e 45 A [ Mg-Mg JR 78, Nd Jt
FI4 0] DU BRA AR JE 0 8% P 75 23 D10 I8 g A AR A 4 1 A
FET W R B 31020, (3) C15 KL T B BRI 49 K 2%
Mg-Nd-Zn % LPSO 45K AH BE 8 18 iod BH A5 8% 5 < e 1f
LA RS RIS EE A &R M 20, H LPSO &5 f4Hie
B 0% 3 3o 8 b 7 4 o el R SR kU 5 Ak S i 4R P
3.2 C15 $iF £ 6H-LPSO L 1BHI B

LPSO &5 fAHRE v LLAE Mg 4R Rl S ] BLAE
M RN, AW Mg-Nd-Zn B 6H-LPSO
SERIM S AE C15 K7 BB R Cn il 3a o). LPSO
S5 KR IR B RS2 EH G 46 70 35 70 HE B J2 6 1 e B Ak e R
MRS (1) J2EE R IE M LPSO 45 KA AR a] /b i
SR, — U710, Nd JCE ] B L2 e Re it s )2
BIEJLAE, R 1 AT, BRIk C1s b F N NS T8
ORI Nd JTE, Mg sgR C15 K1 281 E
HLZ, 55710, shockly AS4 i A (1 17 2 F <5
2 JE 2 AT D B B, 1T C1S b BT LA
FBEAG 5 S )y 5 SO TR AN BT B i B <A
gk > (il 2b) JE A AR KBS LA & shockly A
AT, XS C15 R FA FE 1) shockly A4 R )
C15 RPN FINZH 14T HFIA&EP. (2) Mg
SERTP ) Nd R Zn AT DUE I 5 AT R R SO A
C15 Wi T B Nd. Zn [ ER X, HiE
R C15 KL RATIE B K L (100 nm 247D AT
TSI B REX Nd. Zn JR P9 ECE (e .
Uk, fE C15 K7 W AMELE Ndy Zn IR BEFE ST,
LPSO &5t AH 2 N C15 i 7« — v oy — M A&
&7,[8,23]0

ZEARTWINT A A A, HEBES S A A Ca
O HOH 6%5ETH 4 9%, C15 K7 L1 LPSO
GERIAI R T 1 24R B 6H [WE:AE . JE AR LPSO
SERIPT T BN R e ZE R, MRS LPSO 45
() HE A R T T 5 2 485 RE v LPSO 45 /I AH 4> A

K2PRIN LA LK, WK 2 W EIER 6H B
JZH5fE (stacking fault energy, SFE) Wi B KT 24R
IR AR C1S BT P Nd A5 Bl i J2 4 BRI,
H.H1% 3 285, 6H Fl 24R 1) EDS B2 ml %1, 6H
P Nd 755 5T 24R. CLS KL P Nd & B AFE %
S 110 2 R DR UG 2R (R R & 4 g B2 o0 2R 2 I bk
W, H&ERS Rtk 2 RiE k. T
Al/Ca [M“HL A PEZE" (0.5) KT AUNd 2 [] L 6k 22
(0.36) FEAl Y Ca®g4is, HE3 P CIsHT
P Nd 5 Bl Ca 5 fE 38 I AW B A% . BRI, 32 e ek
4N Ca FESM Ca 5 Al 4 & T iS5
/R C15 KL NI Nd & B K. R AlCa
P Nd 28T s sE 4/ (100 nmD ) AlCa
(N 3a) JAFEIN, X4 Nd 78 #ur I AR T F2 v A
By Aly)Ca Ji L AE g 45 X (K 2b) FFl il Ry
BEAN TN AL Ca W, B T4/ AlLCa %R AL
BB R T -y Ol R, AmAE C1S ki F BB
J =5 Nd 75 &2 1) 6H-LPSO 454 4H

R2 LPSO FHAB RN EERMBREERE
Table 2 LPSO structure type and corresponding stacking

fault energy and single layer stacking fault
[24]

energy

System ABC stacking sequence SFs SFE Sl;fuﬁer
6l ABCBCB (1) 21, 44.08 22.04
ABACAB (2) 21; 44.08 22.04
10H ABACBCBCAB 21, 64.96 32.48
ACBCBABABABCBC (1) 41, 69.08 17.27
H14 ABABABACBCBCBC (2) 2, 63.32 31.66
ABABABACACACAC (3) 21, 33.06 16.53
ABACBCBCBCABAB (4) 2, 63.32 31.66
ABABACBCBCBCAB (5) 21, 63.32 31.66
18R ACBCBCBACACACBABAB(1) 3L, 94.02 31.34

ABABABCACACABCBCBC (2) 31, 94.02 31.34

24R ABABABABCQEQCACABCBCB 3L, 10161 33.87

%3 CI5HFLERS LPSO £#HHEI EDS BE 4
Table 3 EDS analysis of twin phase and LPSO phase on C15

particles'!

/% at/%

Element
Twin 6H 24R Twin 6H 24R

Mg 5.9 459 34.4 8.2 58.3 44.2
Al 40.0 20.3 26.7 50.6 243 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 53
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W, PHESRARERA A F R BB T
PBE AR RL I, 1T 340 C il B I 444 R AE C15 it
S ELTAEE 1 1 5/ Ll O I YA b 5 illac b AR (0 2
Wi LI S35 DI 77 (0 KN & CLS kL7 B R A2 A i
R 1, AR ET, B e et
S HUGE AR M BRI C 1S RL - BELAR A7 55 i B8 I 8 3L
P B e 85 BEA A 451X, A C 1S R i [ . g s
G U718 5 o, ASEAR R G A REC R IR, RS
B AR 2R A BT 75 1 S 20 00 B ) (AR 520 3 3 ]
A, RSN CLS WA /DR Nd 1] BEE C15 R
TERRE, 24 RIS V)N I BRAR, W)
w7 CI5 RLymae JL%. 5 3, a8 Mar 4 HL
AT, 2R T T BT AR B shockly AN A7 4 )
BEHH . C1s R T HL AL S S0 JE R 1 i) v 2
e DS X N AF(EA K& shockly A5, XA H)
T C15 R i L 51N shockly A4 4,
MR RE C15 B Rk A28 .

SMBFELIGE, BAE4EN CIS R EAA
LPSO 45 M AHTE BOEH 28 ¢ JE B, WY 3 (1) B B A7 7
I R NAEARFZ b SEH fUE, P18 s 5 2
BRI 2 BEAN shockly NN EEMIGIN: AN T2,
JERF 1 C15 KL ROTAFAE M WK 2= 7, B AR
B C15 R F (1 pm) ~FIY RSB R LPSO 45 A4 4
1) C15 Ki 7 (100 nm) [ 10 f%. Pk C15 K7 k4l
NGB A AT R R BB B T Nd e I A
HYHG AF C1S R Nd & flkm, 2 4 e
ik 3 3 1 LPSO S5 MAH 528 f iy se i nl Jn, kK 2E
2 CLS BTN Nd & &= 2K T H A LPSO 4514
FHE) CI5 R o XUBEH, 4 CI5S R F N Nd & (K
N ERT BRI s i C15 RL o R AR T4 C15 kL
T Nd R mE IR BRI AL, W C1S BT 5 Tk
LPSO Z5#yMH . AW, Ba4M ALy N Ca
A2 FECIS KN Nd 7 &% G ) 32 22
JE A

4 & g

1) WIS Nd B LB R IR G B R T
S (0002) 2R AT (10 T0) AHEM (10T1)
(10T2) 838, LI TR L et . Bea & NIRE
AT C15 RE 5 BHASAL 5 1 7 e A5 R 40 4 e SRy R 5k
TS 25 3 1 2 D .

2) W PIAS Nd BE G 4 T IR N A 28K
Mg-Nd-Zn % 6H-LPSO ZifHJE T C15 Ki ¥ . C15
L BELAG A 45 0 T BT i 2 45 DX, L SR AE 35 /N RS

C15 K J& [ 1 Nd 23 38 5k 7 B J AR 5o N C15 R
W& Mg-Nd-Zn % 6H-LPSO 45 ¥y A 1 1 5 s A

3) WEHUIR S Nd B4 &4 340 CHr R,
C15 ki1 kAR HIBAR 2 i B % C15 R 1-.C15
b T BHAS A7 451 8 S350 C15 R 5 Y ) 1o B 48 v DA
T JE TG B ER) A7 8 i 45 T C 1S R R AR 2B AR 1 32 2
JE P

4) PRSP (100 nm) C15 R Nd & &
A R, W C15 BT 5 JE A LPSO 45 KA ;
RAFR (1 pm) C15 BT Nd & 858G, W C15
Wi F S R AR .

S0k
[1] Kawamura Y, Hayashi K, Inoue A et al. Materials
Transactions[J], 2001, 42(7): 1172

References

[2] Abe E, Kawamura Y, Hayashi K et al. Acta Materialia[J],
2002, 50(15): 3845

[3] Hagihara K, Kinoshita A, Sugino Y et al. Acta Materialia[l],
2010, 58(19): 6282

[4] Yoshinaga H, Obara T, Morozumi S. Materials Science and
Engineering A[J], 1973, 12(5-6): 845

[5] Li Zhenliang(Z=4%5%), Ren Huiping({T: & ), Jin Zili(4: H 1)
et al. Rare Metal Materials and Engineering(Wi i 4 J&#1 ¥l 55
TFE) [1], 2014, 43(11): 2728

[6] Jiang Shan, Liu Tianmo, Lu Liwei et al. Scripts Materialia[l],
2010, 62(8): 556

[7] Koike J, Kojima Y, Aizawa T et al. Materials Science
Forum[J], 2003, 419-422(1): 189

[8] Li Zhenliang, Liu Fei, Yuan Aiping et al. Material Science and
Technology A[J], 2017, 33(7): 630

[9] Li Zhenliang(Z##5%¢), Liu Fei(X] &), Yuan Aiping(3& %2 )
et al. Acta Metallurgica Sinica(%: J& 24 4%)[J], 2016, 52(8): 938

[10] Matsuda M, Ii S, Kawamura Y et al. Materials Science and
Engineering A[J], 2005, 393(1): 269

[11] Amiya K, Ohsuna T, Inoue A. Materials Transactions[J],
2003, 44(10): 2151

[12] Chen Zhenhua(M: 3 #E). Deformed Magnesium Alloy(%% 5k
4 42)[M]. Beijing: Chemical Industry Press, 2005: 81

[13] Zhan Meiyan( /& 35 #), Li Chunming(Zs #% ¥ ), Shang
Junling(Mi#&2 ¥%). Materials Review(#4 ¥} S4R)[J], 2011, 25
2):1

[14] Kyosuke K, Atsushi I, Hideyuki Y et al. Scripta Materialia[J],
2014, 89: 25

[15] Wang Tao(¥t #), Sun Wei(#h &), Wang Zirong(LF %) et
al. Journal of Chinese Electron Microscopy Society(HlF &



© 3726 ¢

Wt &R TR

848

WEFEAR) [97, 2016, 35(5): 393

[16] Bai Pucun, Dong Taishang, Hou Xiaohu et al. Materials
Characterization[J], 2010, 61(7): 756

[17] Bian Liping, Wang Lipeng, Zhou Yuyue et al. Materials
Science and Engineering A[J], 2017, 698: 12

[18] Jiang Zhongtao, Jiang Bin, Zhang Jianyue et al. Transactions
of Nonferrous Metals Society of Chinall], 2016, 26: 1284

[19] Agnew S R, Duygulu O. International Journal of Plasticity[J],
2005, 21(6): 1161

[20] Chen Y A, Tang X, Liu G Q. Material Science and
Engineering A[J], 2014, 30(4): 495

Engineering A[J], 2013, 563: 177

[22] Nishida M, Yamamuro T, Nagano M et al. Materials Science
Forum[J], 2003, 419: 715

[23] Fan Touwen, Tang Biyu, Peng Liming et al. Scripta
Materialia[J], 2011, 64(10): 942

[24] Zhu Yuman, Morton A J, Nie J F. Acta Materialia[J], 2012,
60(19): 6562

[25] Wang W, Lartigue K S, Brisset F et al. Journal of Materials
Science[]], 2015, 50(5): 2167

[26] Liu Lili, Wu Xiaozhi, Wang Rui et al. Chinese Physics B[J],
2015, 24(7): 407

[21] Tong L B, Li X H, Zhang H J. Materials Science and

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-9A1-3Zn-1Mn-9Ca-1Nd alloy were prepared by spray deposition technique and pre-deformed by
extrusion (extrusion temperature 340 °C, 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,(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 (1010) and pyramidal (IOi 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.

Key words: Mg alloy; C15 particle; LPSO; texture; second phase twinning
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