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F 1 RFIEEICHE Mg (TR CRSS &1 D
Table 1 Basal CRSS changes of Mg with different solutes

Maximum solid

Element solubility, x/% ArCMrSS /MPa Ar‘lm /MPa
Al 11.5 7.08 2.09
Zn 2.69 5.23 3.19
Mn 0.996 10.13 10.13
Sc 15 6.11 1.58
Si 1.16 4.75 4.41
La 0.14 6.95 -
Sn 3.35 2.34 1.28
Y 34 16.71 9.06
Dy 4.83 18.89 8.6
Ag 3.83 8.54 4.37
Ti 0.12 0.49 -
Yb 1.2 11.15 10.18
Ca 0.44 6.85 -
Zr 1.04 1.00 0.98
Er 6.9 19.05 7.25
Fe 0.00043 0.24 -
Gd 4.53 23.22 10.91
Li 17 4.80 1.17
1) Unpublished work.
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&2 4 Mg, Mg-2Al. Mg-2Y &4 12 ae K e # BE 0 8t
Table 2 Tensile mechanical properties and slip resistance of Mg, Mg-2Al and Mg-2Y alloys"

Sample Tensile yield Elor.lgation to ArBasaly APrismatic s A Pyramidal AP By ATDYBY
strength /MPa failure /% MPa MPa MPa MPa MPa
Mg 75.5 15.3 - - - 145 180
Mg-2Al 151.6 20.2 13 30 15 162 182
Mg-2Y 110.7 32.6 3 =90 =70 52 167
1) Recent work
®3 T h etk AR
Table 3 Tensile mechanical properties of Mg-X binary alloys
(e Tton) _seenghPa_ surengiPa. e Processing route Rt
Mg 76 183 153 Heat treated at 420 C for 24 h+extruded at 350 'C 1)
Mg-2%Al 152 228 20.2 Heat treated at 420 C for 24 h+extruded at 350 C 1)
Mg-3%Al 158 241 20.8 Heat treated at 420 C for 24 h+extruded at 350 C 1)
Mg-4%Al 162 252 20.8 Heat treated at 420 C for 24 h+extruded at 350 C 1)
Mg-2%Y 111 190 32.6 Heat treated at 520 C for 24 h+extruded at 450 C 1)
Mg-2%Y 92 189 21 Heat treated at 480 °C for 12 h+extruded at 420 'C [83]
Mg-1.0%Mn 178 217 18.3 Heat treated at 500 ‘C for 24 h+extruded at 350 C 1)
Mg-0.89%Mn 204.3 234.1 38.8 As-extruded [84]
Mg-1.0%Gd 80 186 25.5 Heat treated at 520 C for 24 h+extruded at 450 C 1)
Mg-3.0%Gd 78 187 31.8 Heat treated at 520 C for 24 h+extruded at 450 C 1)
Mg-0.75%Gd 145 210 12 Hot rolled at 400 ‘C+annealed for 1 h at 380 C [85]
Mg-2.75%Gd 160 205 21 Hot rolled at 400 ‘C+annealed for 1 h at 380 C [85]
Mg-4.65%Gd 165 210 26 Hot rolled at 400 ‘C+annealed for 1 h at 380 C [85]
Mg-1%Zn 126 215 17.3 Heat treated at 400 ‘C for 24 h+extruded at 350 C 1)
Mg-2%Zn 129 217 20.0 Heat treated at 400 C for 24 h+extruded at 350 C 1)
Mg-4%Zn 139 242 25.1 Heat treated at 400 ‘C for 24 h+extruded at 350 C 1)
Mg-2%Er 3 251 196 Heat treated z;tn figl;(; ;())rr ?il;zztg{(éed at 400 C+ (36]
N i
Mg-8%Er 153 260 44 As-extruded [87]
1) Unpublished work
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Fig. 5 Stress—strain curves of high properties magnesium alloys: (a) Ultra-high strength wrought magnesium alloys*; (b) High

plastic wrought magnesium alloys®™; (c) High strength and plastic cast magnesium alloys®®J; (d) Ultra-high plastic magnesium

alloys(®

F4 HRRAIPRIE I s R B & &
Table 4 New high performance magnesium alloys developed by Chongqing University

Ultimate tensile

Elongation to

Alloy Series strength/MPa failure/% Ref.
Ultra-high plastic magnesium alloys Mg-X-Gd 200-250 50-63 [89-92]

High plastic wrought magnesium alloys Mg-Zn-Zr-Nd(Er) 230-300 20-40 [44,51,90]

Low-cost wrought magnesium alloys Mg-Mn-Al 280-330 20-23 [90, 92, 93]
Wrought magnesium alloys without RE addition Mg-Zn-Mn-Sn 380—400 8-10 [94]

Ultra-high strength wrought magnesium alloys Mg-Gd-Y-Zn 500-550 10-13 [42, 90, 92]
High strength cast magnesium alloys Mg-Gd-Y-Zn 330-380 9-12 [95]
Wrought magnesium alloys Mg-Zn-Zr-Y-Ce 400—420 9-12 [96]
Ultra-light magnesium alloys Mg-Li-Al-X 200-230 20-25 [97]

6 5B

ARART 8 v B < TR S MR RO TR T i ) i Bk
BN P e A AR DR ] A

Bae “EEmEt

HYR” BT DO BB A S RIIT AR Bt — % B &

ZaMINpIPUNEN

BB AE RIS

15 S BR B 110 P e e B A 11
Q6 Rt BB, Mn

(IR A OB, — T T2 D8 Mn JT R I RRAS AR,
377 MR DA M (A [ 7 48 S ACR AR 35 0
HA YR AT H RO, 0 A R AR IR ST A B A B 4



2058

hEA O RYR

2019 £ 9 H

m AR RS S S EER . BTSSR REtE
AN AT B RS DI OG, [ i oAk 1 28 7 HEe thon]
AN fifE i P 41 vy [ P FELJE 1 6 2 22 ) o T S (H T 14
o B g, BIRT DU I [ A e i et SR Se B
HORACIEIE . 4, BhEE. e R ESANTT
R BB AR B VR AR e 22, )« [l A
BB SRR B AN A B A AR R I AR
“REA R IR R EAEE RS SRR
AR R HERF N P 3 75 A 2 AN 5 Tk — 2D SE AR
— R ANTFHEE N A e TC H R A2k 1 L R AR A
HEFEAR K, 552 2 AN TR A HAR AR VSRR K
TR SRIR IR A S E A HER A P g =
R Z KEMERNSREEZTME, deTxRblEE
BHRTIFA S AIE R, KERFME) 20 TUE
ARAFINGE; DU AEBe & e mE . A AN B ST T
Fo, 1 BRI SUROU AL SRS HERTE 7 i 1
DGR, PRI AR E .

REFERENCES

(11 WE4L, #RE. st sEs e on LEARM]. 4t
H BbE AR, 2007.
PAN Fu-sheng, HAN En-hou. High performance wrought
magnesium alloy and its processing technology[M]. Beijing:
Science Press, 2007.

2] WEL, REE B SIS &M o HE
BRIE AL, 2017
PAN Fu-sheng, WU Guo-hua. New materials—Magnesium
alloy[M]. Beijing: China Railway Publishing House, 2017.

[3] LI Da-quan, WANG Qu-dong, DING Wen-jiang. Effects of
heat treatments on microstructure and mechanical properties
of Mg-4Y-4Sm-0.5Zr alloy[J].
Engineering A, 2007, 448(1/2): 165—-170.

[4] LI Jun-cai, HE Zong-ling, FU Peng-huai, WU Yu-juan,

Materials Science and

PENG Li-ming, DING Wen-jiang. Heat treatment and
mechanical properties of a high-strength cast Mg-Gd-Zn
alloy[J]. Materials Science and Engineering A, 2016, 651:
745-752.

[5] DING Wen-jiang, LI Da-quan, WANG Qu-dong, LI Qiang.
Microstructure and mechanical properties of hot-rolled
Mg-Zn-Nd-Zr alloys[J]. Materials Science and Engineering
A, 2008, 483/484: 228-230.

[6] HE S M, ZENG X Q, PENG L M, GAO X, NIE J F, DING
W J. Microstructure and strengthening mechanism of high

strength Mg-10Gd-2Y-0.5Zr alloy[J]. Journal of Alloys and

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Compounds, 2007, 427(1/2): 316-323.

NIE Jian-feng. Precipitation and hardening in magnesium
alloys[J]. Metallurgical and Materials Transactions A, 2012,
43(11): 3891-3939.

WANG Dan, FU Peng-huai, PENG Li-ming, WANG
Ying-xin, DING Wen-jiang. Development of high strength
sand cast Mg-Gd-Zn alloy by co-precipitation of the
prismatic ' and Sl phases[J]. Materials Characterization,
2019, 153: 157-168.

XU C, ZHENG M Y, WU K, WANG E D, FAN G H, XU S
W, KAMADO S, LIU X D, WANG G J, LV X Y. Effect of
ageing treatment on the precipitation behaviour of
Mg-Gd-Y-Zn-Zr alloy[J]. Journal of Alloys and Compounds,
2013, 550: 50-56.

LIN Dan, WANG Lei, LIU Yang, CUI Jian-zhong, LE Qi-chi.
Effects of plastic deformation on precipitation behavior and
tensile fracture behavior of Mg-Gd-Y-Zr alloy[J].
Transactions of Nonferrous Metals Society of China, 2011,
21(10): 2160-2167.

JANIK V, YIN D D, WANG Q D, HE S M, CHEN C J,
CHEN Z, BOEHLERT C J. The elevated-temperature
of peak-aged Mg-10Gd-3Y-0.4Zr
alloy[J]. Materials Science and Engineering A, 2011, 528(7):
3105-3112.

DAI lJi-chun, ZHU Su-ming, EASTON M A, ZHANG

Ming-xing, QIU Dong, WU Guo-hua, LIU Wen-cai, DING

mechanical behavior

Wen-jiang. Heat treatment, microstructure and mechanical
properties of a Mg-Gd-Y alloy grain-refined by Al
additions[J]. Materials Science and Engineering A, 2013, 576:
298-305.

WANG Dong-shu, LI De-jiang, XIE Yan-cai, ZENG
Xiao-qin. HRTEM studies of aging precipitate phases in the
Mg-10Gd-3Y-0.4Zr alloy[J]. Journal of Rare Earths, 2016,
34(4): 441-446.

PANG Song, WU Guo-hua, LIU Wen-cai, ZHANG Liang,
ZHANG Yang, CONRAD Hans, DING Wen-jiang. Influence
of cooling rate on solidification behavior of sand-cast
Mg-10Gd-3Y-0.4Zr alloy[J].
Metals Society of China, 2014, 24(11): 3413-3420.

LI D J, ZENG X Q, DONG J, ZHAI C Q, DING W 1.

Microstructure evolution of Mg-10Gd-3Y-1.2Zn-0.4Zr alloy

Transactions of Nonferrous

during heat-treatment at 773 K[J]. Journal of Alloys and
Compounds, 2009, 468(1): 164—169.

WANG Lu-yuan, HUANG Jian, PENG Yong, WU Yi-xiong.
the heat affected zone of

Precipitates evolution in



2529 B 9 W

XEEE, & BG4 “REEERIEE " BB R AN A

2059

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Mg-Gd-Y-Zr alloy in T6 condition during laser welding[J].
Materials Characterization, 2019, 154: 386—394.

FAN Hai-dong, ZHU Ya-xin, EL-AWADY J A, RAABE D.
Precipitation hardening effects on extension twinning in
magnesium alloys[J]. International Journal of Plasticity, 2018,
106: 186—202.

HE S M, ZENG X Q, PENG L M, GAO X, NIE J F, DING
W J. Precipitation in a Mg-10Gd-3Y-0.4Zr (wt.%) alloy
during isothermal ageing at 250 “C[J]. Journal of Alloys and
Compounds, 2006, 421(1): 309-313.

DAI Ji-chun, ZHU Su-ming, EASTON M A, XU Wen-fan,
WU Guo-hua, DING Wen-jiang. Precipitation process in a
Mg-Gd-Y alloy grain-refined by Al addition[J]. Materials
Characterization, 2014, 88: 7—14.

QIAN Sheng-nan, DONG Chuang, LIU Tian-yu, QIN Ying,
WANG Qing, WU Yu-juan, GU Li-dong, ZOU lJian-xin,
HENG Xiang-wen,

PENG Li-ming, ZENG Xiao-qin.

Solute-homogenization model and its experimental
verification in Mg-Gd-based alloys[J]. Journal of Materials
Science & Technology, 2018, 34(7): 1132—1141.

YU Zi-jian, HUANG Yuan-ding, QIU Xin, WANG Guan-fu,
MENG Fan-zhi, HORT Norbert, MENG Jian. Fabrication of
a high strength Mg-11Gd-4.5Y-1Nd-1.5Zn-0.5Zr (wt%) alloy
by thermomechanical treatments[J]. Materials Science and
Engineering A, 2015, 622: 121-130.

HOMMA T, KUNITO N, KAMADO S. Fabrication of
extraordinary high-strength magnesium alloy by hot
extrusion[J]. Scripta Materialia, 2009, 61(6): 644—647.

PAN Fu-sheng, CHEN Xian-hua, YAN Tao, LIU Ting-ting,
MAO lJian-jun, LUO Wei, WANG Qin, PENG Jian, TANG
Ai-tao, JIANG Bin. A novel approach to melt purification of
magnesium alloys[J]. Journal of Magnesium and Alloys,
2016, 4(1): 8-14.

PAN Fu-sheng, YANG Ming-bo, CHEN Xian-hua. A review
on casting magnesium alloys: modification of commercial
alloys and development of new alloys[J]. Journal of
Materials Science and Technology, 2016, 32(12):
1211-1221.

XUA Jun, JIANG Bin, SONG Jiang-feng, HE Jun-jie, GAO
Peng, LIU Wen-jun, YANG Tian-hao, HUANG Guang-sheng,
PAN Fu-sheng. Unusual texture formation in Mg-3Al-1Zn
alloy sheets processed by slope extrusion[J]. Materials
Science and Engineering A, 2018, 732: 1-5.

HUANG G S, XU W, HUANG G J, LI H C, PAN F S. New

method for improving formability of AZ31B Magnesium

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

alloy sheets[J]. Materials Science Forum, 2009, 610/613:
737-741.

HE Jun-jie, JIANG Bin, XIE Hong-mei, JIANG Zhong-tao,
LIU Bo, PAN Fu-sheng. Improved tension-compression
performance of Mg-Al-Zn alloy processed by co-extrusion[J].
Materials Science and Engineering A, 2016, 675: 76—81.
JIANG Bin, LIU Wen-jun, QIU Dong, ZHANG Ming-xing,
PAN Fu-sheng. Grain refinement of Ca addition in a
twin-roll-cast Mg-3Al-1Zn alloy[J]. Materials Chemistry and
Physics, 2012, 133(2/3): 611-616.

ZENG Ying, JIANG Bin, HUANG De-hui, DAI Jia-hong,
PAN Fu-sheng. Effect of Ca addition on grain refinement of
Mg-9Li-1Al alloy[J]. Journal of Magnesium and Alloys,
2013, 1(4): 297-302.

YIN Heng-mei, JIANG Bin, HUANG Xiao-yong, ZENG
Ying, YANG Qing-shan, ZHANG Ming-xing, PAN Fu-sheng.
Effect of Ce addition on microstructure of Mg-9Li alloy[J].
Transactions of Nonferrous Metals Society of China, 2013,
23(7): 1936-1941.

JIANG Bin, YIN Heng-mei, YANG Qing-shan, LI Rui-hong,
PAN Fu-sheng. Effect of stannum addition on microstructure
of as-cast and as-extruded Mg-5Li alloys[J]. Transactions of
Nonferrous Metals 2011, 21(11):
2378-2383.

LIU Bo-yu, LIU Fei, YANG Nan, ZHAI Xiao-bo, ZHANG

Society of China,

Lei, YANG Yang, LI Bin, LI Ju, MA Evan, NIE Jian-feng,
SHAN Zhi-wei. Large plasticity in magnesium mediated by
pyramidal dislocations[J]. Science, 2019, 365: 73—75.

LIU Guo-bao, ZHANG lJing, XI Guo-giang, ZUO Ru-lin,
LIU Shuang. Designing Mg alloys with high ductility:
Reducing the strength discrepancies between soft
deformation modes and hard deformation modes[J]. Acta
Materialia, 2017, 141: 1-9.

Witsia. Mg-Al 1 Mg-Y & <5 58 — VS 51 i S5 % Se e
FL[D]. HEJK: HK K, 2018: 27-42.

LIU Yang-lu. First-principles calculation and experimental
study of Mg-Al and Mg-Y alloys[D]. Chongqing: Chongqing
University, 2018: 27-42.

CHANG Y, KOCHMANN D M. A variational constitutive
model for slip-twinning interactions in hcp metals:
Application to single-and polycrystalline magnesium[J].
International Journal of Plasticity, 2015, 73: 39-61.
YOSHINAGA H, HORIUCHI R. On the nonbasal slip in
magnesium crystals [J]. Transactions of the Japan Institute of

Metals, 1964, 5(1): 14-21.



2060

hEA O RYR

2019 £ 9 H

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

MISES R V. Mechanik der plastischen Forménderung von
Kristallen[J].
Mechanics, 1928, 8(3): 161-185.

ORI, EE, SRR, B L BEE, S B
SETE T2 TR AR TR 2197 $RELA 4 2H 2R 5 PERE I sE A ],
S BANETE, 2011, 36(10): 75—78.

SUN Gang, WANG Shao-hua, ZHANG Xian-feng, LU

Journal of Applied Mathematics and

Zheng, FENG Zhao-hui. Effect of solution treatment and
prestretching deformation on microstructure and properties
of 2197 Al-Li alloy[J]. Heat Treatment of Metals, 2011,
36(10): 75-78.

TRAkBA, WA, RO A Nb KA S m iR B 40
J1eE PR RE I R W (0] MORE A KR B A AR, 2019, 40(6):
123-129.

ZHANG lJi-ming, YU Chun-ming. Effect of aging on
microstructure and mechanical properties of low alloy high
strength steel containing Nb[J]. Transactions of Materials
and Heat Treatment, 2019, 40(6): 123—129.

HUANG Hua, MIAO Hong-wei, YUAN Guang-yin, WANG
Zhong-chang, DING Wen-jiang. Fabrication of ultra-high
strength magnesium alloys over 540 MPa with low alloying
concentration by double continuously extrusion[J]. Journal
of Magnesium and Alloys, 2018, 6(2): 107-113.

HUANG Hua, YUAN Guang-yin, CHU Zhen-hua, DING
Wen-jiang. Microstructure and mechanical properties of
double continuously extruded Mg-Zn-Gd-based magnesium
alloys[J]. Materials Science and Engineering A, 2013, 560:
241-248.

WANG Jing-feng, WANG Kui, HOU Fan, LIU Shi-jie,
PENG Xing, WANG lJin-xing, PAN Fu-sheng. Enhanced
strength and ductility of Mg-RE-Zn alloy simultaneously by
trace Ag addition[J]. Materials Science and Engineering A,
2018, 728: 10-19.

MIAO Jia-shi, SUN Wei-hua, KLARNER A D, LUO A A.
Interphase boundary segregation of silver and enhanced
precipitation of Mg17Al12 Phase in a Mg-Al-Sn-Ag alloy[J].
Scripta Materialia, 2018, 154: 192—196.

ZHAO Ya-zhong, PAN Fu-sheng, PENG Jian, WANG
Wei-qing, LUO Su-qing. Effect of neodymium on the
as-extruded ZK20 magnesium alloy[J]. Journal of Rare
Earths, 2010, 28: 631-635.

ARRABAL R, MINGO B, PARDO A, MATYKINA E,
MOHEDANO M, MERINO M C, RIVAS A, MAROTO A.
Role of alloyed Nd in the microstructure and atmospheric

corrosion of as-cast magnesium alloy AZ91[J]. Corrosion

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Science, 2015, 97: 38—48.

PAN Fu-sheng, MAO lJian-jun, ZHANG Gen, TANG Ai-tao,
SHE Jia. Development of high-strength, low-cost wrought
Mg-2.0mass% Zn alloy with high Mn content[J]. Progress in
Natural Science: Materials International, 2016, 26(6):
630-635.

KOIZUMI T, EGAMI M, YAMASHITA K, ABE E. Platelet
precipitate in an age-hardening Mg-Zn-Gd alloy[J]. Journal
of Alloys and Compounds, 2018, 752: 407—411.

SHE lJia, PAN Fu-sheng, GUO Wei, TANG Ai-tao, GAO
Zheng-yuan, LUO Su-qin, SONG Kai, YU Zheng-wen,
RASHAD M. Effect of high Mn content on development of
ultra-fine grain extruded magnesium alloy[J]. Materials &
Design, 2016, 90: 7-12.

WANG Jing-feng, SONG Peng-fei, HUANG Song, PAN
Fu-sheng. High-strength and good-ductility Mg-RE-Zn-Mn
magnesium alloy with long-period stacking ordered phase[J].
Materials Letters, 2013, 93: 415—418.

YU Zhao-peng, YAN Yu-hao, YAO Jia, WANG Cheng, ZHA
Min, XU Xin-yu, LIU Yan, WANG Hui-yuan, JIANG
Effect

of tensile direction on mechanical

rolled

Qi-chuan.

properties and microstructural evolutions of
Mg-Al-Zn-Sn magnesium alloy sheets at room and elevated
temperatures[J]. Journal of Alloys and Compounds, 2018,
744:211-2109.

ZHANG Jing, MA Qi, PAN Fu-sheng. Effects of trace Er
addition on the microstructure and mechanical properties of
Mg-Zn-Zr alloy[J]. Materials & Design, 2010, 31(9):
4043-4049.

ZHANG Jing, LI Wei-guo, ZHANG Bao-xiang, DOU
Yu-chen. Influence of Er addition and extrusion temperature
on the microstructure and mechanical properties of a
Mg-Zn-Zr magnesium alloy[J]. Materials Science and
Engineering A, 2011, 528(13/14): 4740—4746.

ZHANG Jing, ZHANG Xu-feng, LI Wei-guo, PAN Fu-sheng,
GUO Zheng-xiao. Partition of Er among the constituent
phases and the yield phenomenon in a semi-continuously
cast Mg-Zn-Zr alloy[J]. Scripta Materialia, 2010, 63(4):
367-370.

ZHANG lJing, LIU Min, DOU Yu-chen, LIU Guo-bao. Role
of alloying elements in the mechanical behaviors of an
alloy[J].
Transactions A, 2014, 45(12): 5499-5507.

WANG Zhong-jun, JIA Wei-ping, CUI Jian-zhong. Study on

Mg-Zn-Zr-Er Metallurgical and  Materials

the deformation behavior of Mg-3.6% Er magnesium alloy[J].



2529 B 9 W

XEEE, & BG4 “REEERIEE " BB R AN A

2061

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Journal of Rare Earths, 2007, 25(6): 744—748.

ZHAO Zi-long, SUN Zi-wei, LIANG Wei, WANG Yi-de,
BIAN Li-ping. Influence of Al and Si additions on the
microstructure and mechanical properties of Mg-4Li
alloys[J]. Materials Science and Engineering A, 2017, 702:
206-217.

WANG Qing-hang, SHEN Ya-qun, JIANG Bin, TANG
Ai-tao, CHAI Yan-fu, SONG lJiang-feng, YANG Tian-hao,
HUANG Guang-sheng, PAN Fu-sheng. A good balance
between ductility and stretch formability of dilute Mg-Sn-Y
sheet at room temperature[J]. Materials Science and
Engineering A, 2018, 736: 404—416.

TAN J, SUN Y H, XIE H B, SUN B Z, QI Y.
Atomic-resolution investigation of Y-rich solid solution with
an invariable orientation in Mg-Y binary alloy[J]. Journal of
Alloys and Compounds, 2018, 766: 716—720.

WANG Fang, HU Tong, ZHANG Yi-tan, XIAO Wen-long,
MA Chao-li. Effects of Al and Zn contents on the
microstructure and mechanical properties of Mg-Al-Zn-Ca
magnesium alloys[J]. Materials Science and Engineering A,
2017, 704: 57-65.

YANG Qing-shan, JIANG Bin, JIANG Wei, LUO Su-qing,
PAN Fu-sheng. Evolution of microstructure and mechanical
properties of Mg-Mn-Ce alloys under hot extrusion[J].
Materials Science and Engineering A, 2015, 628: 143—148.
LIU Shi-jie, WANG Kui, WANG lJing-feng, HUANG Song,
GAO Shi-qing, PENG Xing, HU Hao, PAN Fu-sheng.
Ageing behavior and mechanisms of strengthening and
toughening of ultrahigh-strength Mg-Gd-Y-Zn-Mn alloy[J].
Materials Science and Engineering: A, 2019, 758: 96—98.
TONG Xin, YOU Guo-qgiang, WANG Yi-chang, WU Hong,
LIU Wei-li, LI Pei-qi, GUO Wei. Effect of ultrasonic
treatment on segregation and mechanical properties of
as-cast Mg-Gd binary alloys[J]. Materials Science and
Engineering A, 2018, 731: 44-53.

LIU Ting-ting, PAN Fu-sheng, ZHANG Xi-yan. Effect of Sc
of ZK60

2013, 43:

addition on the work-hardening behavior

magnesium alloy[J]. Materials
572-577.

JIANG Bin, ZENG Ying, YIN Heng-mei, LI Rui-hong, PAN

& Design,

Fu-sheng. Effect of Sr on microstructure and aging behavior
of Mg-14Li alloys[J]. Progress in Natural Science: Materials
International, 2012, 22(2): 160—168.

WU Lu, PAN Fu-sheng, YANG Ming-bo, WU Ju-ying, LIU

Ting-ting. As-cast microstructure and Sr-containing phases

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

of AZ31 magnesium alloys with high Sr contents[J].
Transactions of Nonferrous Metals Society of China, 2011,
21(4): 784-789.

HAUSER E F, LANDON R P, DORN E J. Deformation and
fracture of alpha solid solutions of lithium in magnesium[J].
Transactions of the ASM, 1958, 50: 856—883.
AKHTAR A, TEGHTSOONIAN E. Solid solution
strengthening of magnesium single crystals-ii the effect of
solute on the ease of prismatic slip[J]. Acta Metallurgica,
1969, 17: 1351-1356.

HU Guang-shan, ZHANG Ding-fei, ZHAO Ding-zang,
SHEN Xia, JIANG Lu-yao, PAN Fu-sheng. Microstructures
and mechanical extruded and

properties  of aged

Mg-Zn-Mn-Sn-Y alloys[J]. Transactions of Nonferrous
Metals Society of China, 2014, 24(10): 3070-3075.
WANG Li-fei, QUAN Quan,

BASSANI P, MOSTAED E, VEDANI M, PAN Fu-sheng.

HUANG Guang-sheng,

The effect of twinning and detwinning on the mechanical
property of AZ31 extruded magnesium alloy during
strain-path changes[J]. Materials & Design, 2014, 63:
177-184.

JIANG Bin,

Xiang-sheng, WAN Yuan-yuan, PAN Fu-sheng. Effect of

ZHOU Guan-yu, DAI lJia-hong, XIA
second phases on microstructure and mechanical properties
of As-cast Mg-Ca-Sn magnesium alloy[J]. Rare Metal
Materials and Engineering, 2014, 43(10): 2445—-2449.
CHINO Y, KADOB M, MABUCHI M. Enhancement of
tensile ductility and stretch formability of magnesium by
addition of 0.2 wt%(0.035 at%)Ce[J]. Materials Science and
Engineering A, 2008, 494(1/2): 343-349.

SANDLOBES S, ZAEFFERER S, SCHESTAKOW 1, YI S,
GONZALEZ-MARTINEZ R. On the role of non-basal
deformation mechanisms for the ductility of Mg and Mg-Y
alloys[J]. Acta Materialia, 2011, 59: 429—439.

CHINO Y, KADOB M, MABUCHI M. Texture and stretch
formability of a rolled Mg-Zn alloy containing dilute content
of Y[J]. Materials Science and Engineering A, 2009, 513/514:
394-400.

WU Z X, AHMAD R, YIN B L, SANDLOEBES S, CURTIN
W A. Mechanistic origin and prediction of enhanced ductility
in magnesium alloys[J]. Science, 2018, 359: 447—-452.

WU Z X, CURTIN W A. The origins of high hardening and
low ductility in magnesium[J]. Nature, 2015, 526: 62—67.
MOITRA A, KIM S G, HORSTEMEYER M F. Solute effect
dislocation nucleation mechanism in

on the ({(a+c)



2062

hEA O RYR

2019 £ 9 H

[77]

[78]

[79]

[80]

[81]

(82]

(83]

[84]

[85]

[86]

(87]

magnesium[J]. Acta Materialia, 2014, 75: 106—112.

LIU Guo-bao, ZHANG lJing, DOU Yu-chen. First-principles
study of solute-solute binding in magnesium alloys[J].
Computational Materials Science, 2015, 103: 97—104.
ZHANG lJing, DOU Yu-chen, LIU Guo-bao, GUO
Zheng-xiao. First-principles study of stacking fault energies
in Mg-based binary alloys[J]. Computational Materials
Science, 2013, 79: 564—569.

FANG Chao, ZHANG lJing, PAN Fu-sheng. First-principles
study on solute-basal dislocation interaction in Mg alloys[J].
Journal of Alloys and Compounds, 2019, 785: 911-917.
ERME T TR NS SRR E ST RD].
HR: HPKK, 2019: 54-57.

WANG Yu-ye. Study and calculation on stacking fault
energy of magnesium alloys based on molecular
dynamics[D].
54-57.

MOITRA A, KIM G S, HORSTEMEYER F M. Solute effect

Chongging: Chongqing University. 2019:

on basal and prismatic slip systems of Mg[J]. Journal of
Physics Condensed Matter An Institute of Physics Journal,
2014, 26(44): 2—11.

YASI J A, LOUIS G H Jr, TRINKLE D R. First-principles
data for solid-solution strengthening of magnesium: From
geometry and chemistry to properties[J]. Acta Materialia,
2010, 58: 5704-5713.

WU B L,ZHAO Y H, DU X H, ZHANG Y D, WAGNER F,
ESLING C. Ductility enhancement of extruded magnesium
via yttrium addition[J]. Materials Science and Engineering A,
2010, 527(16/17): 4334-4340.

YU Zheng-wen, TANG Ai-tao, WANG Qin, GAO
Zheng-yuan, HE Jie-jun, SHE Jia, SONG Kai, PAN
Fu-sheng. High strength and superior ductility of an
ultra-fine grained magnesium-manganese alloy[J]. Materials
Science and Engineering A, 2015, 648: 202—207.

NICOLE S D, DLE A, MATTHEW R B. The effect of Gd on
the recrystallisation, texture and deformation behaviour of
magnesium-based alloys[J]. Acta Materialia, 2010, 58(20):
6773—6783.

WU B L, WAN G, DU X H, ZHANG Y D, WAGNER F,
ESLING C. The quasi-static mechanical properties of
extruded binary Mg-Er alloys[J]. Materials Science and
Engineering A, 2013, 573: 205-214.

ZHANG J, XU C, JING Y, LV S, LIU S, FANG D,

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

ZHUANG J, ZHANG M, WU R. New horizon for high
performance Mg-based biomaterial with uniform degradation
behavior: Formation of stacking faults[J]. Sci Rep, 2015, 5:
1-16.

WU Xia, PAN Fu-sheng, CHENG Ren-ju, LUO Shu-qing.
Effect of morphology of long period stacking ordered phase
on mechanical properties of Mg-10Gd-1Zn-0.5Zr
magnesium alloy[J]. Materials Science and Engineering A,
2018, 726: 64—68.

HU Y, ZHANG C, ZHENG T, PAN F, TANG A.
Strengthening effects of Zn addition on an ultrahigh ductility
Mg-Gd-Zr magnesium alloy[J]. Materials (Basel), 2018,
11(10): 1-13.

GB/T 5153—2016. B8 Rk A @M= A2 [S].
GB/T 5153—2016. Designation and composition of wrought
magnesium and magnesium alloys[S].

GB/T 19078—2016. #i& 844 4E[S].

GB/T 19078—2016. Magnesium alloys ingots for castings[S].
ISO 3116:2019(E). Magnesium and magnesium alloys—
Wrought magnesium and magnesium alloys[S].

BIESC. Mg _Mn REG & RMA LUK )R 5 [D].
HR: HRK, 2015: 95-96.

YU Zheng-wen.

Investigation on microstructure and

mechanical properties of Mg-Mn series alloys[D].
Chonggqing: Chongqing University, 2015: 95-96.

QI Fu-gang, ZHANG Ding-fei, ZHANG Xiao-hua, XU
Xing-xing. Effect of Sn addition on the microstructure and
mechanical properties of Mg-6Zn-1Mn (wt.%) alloy[J].
Journal of Alloys and Compounds, 2014, 585: 656—666.

% H. Mg-Gd-Zn REGIEEA SHLUR M GeRE L [D].
HR: ERRA, 2018: 84-93,

WU Xia. Investigation on microstructure and mechanical
properties of Mg-Gd-Zn series cast magnesium alloys[D].
Chongqing: Chongqing University, 2018: 84-93.

LIU Li-zi, CHEN Xian-hua, PAN Fu-sheng, GAO Shang-yu,
ZHAO Chao-yue. A new high-strength Mg-Zn-Ce-Y-Zr
magnesium alloy[J]. Journal of Alloys and Compounds, 2016,
688: 537-541.

HE Jun-jie, JIANG Bin, YU Xiao-wen, XU Jun, JIANG
Zhong-tao, LIU Bo, PAN Fu-sheng. Strain path dependence
of texture and property evolutions on rolled Mg-Li-Al-Zn
alloy possessed of an asymmetric texture[J]. Journal of

Alloys and Compounds, 2017, 698: 771-785.



9529 B4 9 s, 5. BRa e “TETRAR I B R AN 2063

Development and application of “solid solution strengthening and
ductilizing” for magnesium alloys

LIU Ting-ting" 2, PAN Fu-sheng’

(1. School of Materials and Energy, Southwest University, Chongqing 400715, China;
2. National Engineering Research Center for Magnesium Alloys, Chongqing University, Chongqing 400044, China)

Abstract: Mg has a HCP structure with few slip systems, and the slip resistance for basal slip is much lower than that of
prismatic and pyramidal slip. It is generally difficult to activate non-basal slip at room and low temperature, resulting in a
poor ductility and formability of magnesium alloys. Chongqing University and other institutions have found that the
solution of certain elements in Mg can not only improve the strength by hindering the basal slip, but also improve the
ductility by reducing the gap of slip resistance between basal slip and non-basal slip. According to these results,
Chongqing University has proposed a theory of alloy design —— solid solution strengthening and ductilizing (SSSD) for
magnesium alloy, which has become a new way to optimize the strength-ductility balance of magnesium alloys in the past
decade. Using SSSD theory, Chongqing University has developed many new high performance magnesium alloys, among
which over 10 alloys have been included in GB/T national standard and ISO international standard.
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