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Abstract: As the lightest structural metals, magnesium alloys have been widely used in fields of aerospace, automotive in-
dustry and digital electronic products. Compared with steels and aluminum alloys, magnesium alloys exhibit limited strength-
ening methods, so the second phase strengthening in magnesium alloys becomes particularly important. In this review paper,
microstructure, strengthening effect as well as strengthening mechanism of the second phases (including aged precipitates,
long-period stacking ordered (LPSO) phase and reinforcements in Mg-based alloy) in different magnesium systems are sum-
marized as follows: (D in RE-free magnesium alloys, the most effective strengthening phases are mainly formed during age-
ing; @ Mg-RE based alloys show more options of strengthening second phases, as compared with RE-free magnesium
alloys; @ the strengthening effect of reinforcement depends on its own composition, morphology, size and bonding ability
with the a-Mg matrix. In future, the research on the second phase strengthening in magnesium alloys should be focused on
the following aspects;: (D the introduction of advanced nano-strengthening phases; @ the manipulation of synergistic
strengthening effect of the LPSO phase and other precipitates; 3 the design of inexpensive magnesium-based reinforcements.
Key words: magnesium alloy; second phase; age-hardening; long period stacking ordered (LPSO) phase; Mg-based re-
inforcement
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Fig. 2 Schematic diagrams of precipitate morphology in magnesium
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Orientation relationship Morphology ~ Reference

[1-10],//[2-1-10], Iﬁngimﬁs’ ois
(111),//(0001),, short laths, [ 38-43]
polygons

) [2_1_113//[2_1_10]11 Long laths, [39]
(111) 4//(0001),, short laths
[-111]4//[1-210], ;

3 B Long laths, [38-40]
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SN Y 8t MM IR G ) iR A B K EE Tt
Mg-5Sn-2MM MHTIR A PERESE W] AL T AB42 54, & —
FpUR A MERE R LT I BE A 41 . H AT gT s R W
Al, Zn, Ca Fil RE JTE 50 FITE & I AR e A 5] 2 B
i Mg-Sn R =3 1 -

2.2 KEAMHEREFLEHHE(LPSO #8) 324k

2.2.1 LPSO A8k KM

Mg-RE &8/ &P EHEN ZH—Ff, AE
i LR us N — A A S E RSN, 5 —Jrm
RS S MA LT, ik, 52 MRS E 7RV K it
PR (i A BE M B Zn, Cu, Al FlI Ni S50 23424
Fitoi®, ZEfEMEE R XM T Mg-RE-Zn 2514
SWPERRECAE S, WML R G & MR B T 8
G AT IR — A AT B XX R GG S i
11, —Fh A 454 1 A R BT HE AT )7 25 49 AH (long period
stacking ordered phase, fijFk LPSO #1) " ' FEE & 4 bk
R, TEZIE MWRGE X RO A O T 8EE & i
S, DR LPSO A2 38 A R A RHIE 53 i 1) 2 7
AR 1994 4F 1 e & B FAE 2000 4FXHZA HEFT T 7
YNRAEY, (B2 B % AR A T 27 B D T B B 5 15
BHHEA, HFEASIREGHEM, 2001 44, HARSE
Kawamura 45 5% FIPUHBEE B/ 49 A 16 4 10 7 3250 45 Mg-Y-Zn
B4, A4 RN ST 500 nm, HZ1E 4 LPSO M,
U R IR BE K24 600 MPa, [IBS 34 2 5% I 4E A
RO BRI JLAERL, H A Abe, Honma %5, K
FINE B Zhu 25 2L FE N 0945 35 1 S50 Mg-Y-Zn &4
LPSO #1347 7 4 o 78 4% B9 WF 5570, Abe Hl Zhu
ST IR Me-Y-Zn & 4 F 5 f AR G B (HAADF) (195
Pt LPSO MR ORES #4 R 5 (7 04T T IR AT,
ZIRARZ 1 5 38 X% R N & 4 AN 8] 843 L B 1Y)
LPSO IO AS M HEAT 1 REEAFSE, XF LPSO AHAY 1 fi
WAWIRA, ZJFTEARFRIRZRN Mg-RE-X (X R 5T
BT Mg M&RTTE) A48 P RiZ &I T 6H (J& #iiE
9 18R A By 10H!™ Y 12H | 12RPY |
1SR 14yl 2w sl @RI 296506 o RITE gy
24R"AELERYY LPSO M,

Kawamura ' 122 151 @ M IH 48 T Mg-RE-X 27N
FH LPSO AHIE B LR . (D RE AEE I T4 hep 45
¥, HAE Mg EA KWEEE; @ Mg, RE, X FiFi &
TREAA IR AR, HE RE-X M4 ER K, @ &
TR KNEF: RE>Mg>X, Saal S57E 2014 48 X5 P 1
LPSO MMITE AT T, ikt Tl ieIE ic R4
B, iR 6 i, WA X F R BEE ERT LUE RS E
LPSO #HM = ToEE A 4 RO N FRARCIUELAAE LPSO A

M= IeEE G 4, BRAL T G X b B 6 X R Tl g
JERL LPSO AHAY = JC8E A 4, R HET M R G &b
NLIE] LPSO AH; £1 68 X BER/R A BRIE i LPSO A =
JCEER 4, ZE R Mg-Y-AlL IR R LPSO A 24 i 1 oK i
HSEER I, W Li SRR ARRGE T Mg-Y-AL AR PE ik
KL 18R-LPSO #1'7 | BHE W IE R A RES A L
WX A A A R & B LPSO A, HAS —RA 2,
FIRWISEH 7 ARG & LPSO MY Mg-Zn-Ca & 4>, SR
A RBETEIZE R LI LPSO A,

Ternary M =X, -Xs LPSO stability

Sc Y La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu

- On convex hull (CH)
[ ] <25mev above CH
. >25 meV above CH
X LPSO observed

A 1750 observed later

TI Sb Pb Na Te Bi Pa Ca Th K Sr
K1 6 Saal BRI R AIIE RARE LPSO MM =045 4 4 i 4[4 0]

Fig. 6  Composition of ternary magnesium alloys with stable LPSO

phase predicted by Saal’ s model 4> 7]

Mg-RE-X &4 i LPSO AHAR 8 H I 1t 5% 4 1) A [H)
AR, —RIER TS E&NEE SR, XK
4 Type 1 LPSO #H; 53 —ZEAEBEE X & ik 17 = iR AAb 21
ISR, 100 Type I LPSO A8, LPSO AR HZhH4
AREFELSN R BAH BPTAIE, 41554 6H, 10H,
15R, 14H. 18R Fl 24R %5 HAKLE
2.2.2 LPSOAB# A K 5T

LPSO AH YA J57 2 —Fof il S0 1) i 5k ( MERR 24
BE—ENEERS, WA, RHEHRSEFM IR
AL B A T A FHE SR 2 5 A P A I A P AR, Zhu
EPVEATT R R, 4 Mg JZ4EEETE 30~80 m) - mT 2
(B, MEGRMT HMEEITTRZE, WY FlZn BTN
S fHAS Mg-Y-Zn B &M 245 REF K% 0.9~ 1.8 m) + m™
ZIE, WNET TR, LPSO AHAS BT I J )2 48 A 5 HE B,
Mg-Y-Zn 74 ARJZ 55 8 0 2 45 HE SR AL T 538 34
F12 55 Zhu S5V 2 G R B R SR SR A ) AT T
WA B3 (two-beam bright field ) 155 % 15 3% ( weak beam
dark field, WBDF) {J&AE TAE, 7E Mg-Y-Zn 54K Z
WEEE] T KE 25 LPSO ML FAFAE, X & 4
FELER LR RIS A AR R AT T — — % Jf Ho ik 2
LS TE ABCA BUAYEEEL (building block ) /1,
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538 4%

MELT AT LU 1, Teie R LPSO #H, 454y
A ABCA T, JIrAS R 2 > v i e i SRR 2 88, T
ME 8 Ha] LLE 7k B R A OR R 28 A LPSO
MIZ M A R o7 R ZE M ABCA BTG a] i
K22, A 32, EEERERENSAET, &~
KEZER 18R & LPSO M AE A E NS E M) 14H B LPSO
F, ZJ5 Zhu"" H Kishida 257 %f kb B3 #2 v 18R Y
LPSO #H#AE A 14H £ LPSO MYX —id AT TR 5
MG X e F R SE 45 B LPSO AH 8] (4 5% A2 W] 5
YR B R

A - A A
B 8 B
A A A
B8 I —8—— B
A S 1 /A /A
B —8—— £f— / B
A 2. A v/ A / AT A
B 8 /C / ( B
A -+ A S 8 8 A
B r— y / B8 ( ( B
A A—r C 8 8 A
B8/ G/ S = Ted 5 B
A —s £ f B B8 A
B ¢ A/ / A—f B
A —B— e L c—/ A
B\ c—\ A / B
A VA \ c o\ ( ( A
B L8 \ 8 1\ 7 A - B
A - A A / c / ( A
B 8 / 8 / ; A B
A -— A A — A
B 8 / 8 / B
A - A { A A
B 8 B
A A A
10H 14H 18R 24R
&7 10H, 14H, 18R, 24R % LPSO Hi 45 4 51k 45 44 5 50 /R
2] [66. 74]

Fig. 7 Schematic diagram of the characteristic stacking features for

the unit cells of the 10H, 18R, 14H, and 24R LPSO struc-

B8 Mg-Y-Zn &4t 18R Fl 14H % LPSO #H5!)
Fig. 8 18R and 14H LPSO phases in the Mg-Y-Zn alloy!*!

Zhu il Kishida %A (1 HOTFSEER, 4 BIMJST
F2 6 1A T AT Me-RE-X £ 4:h LPSO MO ML 72

ML T LA AR R Mg-RE-X &4 1K 2 ] — 45 kg 2
LPSO AH¥ B T4 )5 ALt BEAS S AHE . el WL, AR
() 5 o JE - XF LPSO A 45 K4 fr) 5% i B8 A AT 75 2 — 25
AT,

2.2.3 AFH A5 BAHE

U SCTHE Kawamura S57E 2001 45 555K FH L %E [E /
ARG & T A& I —F#H 8 Mg, Y, Zn, (JEF %5, T
[F) &4, ZA SRR ST G 19 % ) 2= P hg
g JRIRIREE o =480 ~ 610 MPa, FEfHZ 6=5% ~ 16%,
o, 300 °C BT RIRE S LR A T F R S . o, =
610 MPa, o, =628 MPa, 8=5.0%, ¥ 4 136HV, 1E
HAHGEMSE A a b, XORM £ & S HRm o BEAR & Y
— PR G 4, S IR UGS R R e T A
A 5 2 40 Ak AR (1 0 3R BT 0 A B RIS, R b
TR I Mey, Y, Zn, & &0 12t 5, B 1R
LT T, WSO T A R O vk A R S A
BRULZ AL, TE% Mg, Y, Zn, A4 PR EEE] T K82 Fok
) LPSO #. BJGMMF5E & BE, LPSO AH T LLid 3% 48
TEIRPIETETE Mg-RE & & 3R15 . X285 LPSO AHIEE
G Al H HA B LG T P RE RN o

Nie % YCHTEBE & 4 P A b sk U2
FEBEFE A AT o AR R A B, % BE R R A LE A i A
A B R IRAT A . =R NS A b — R L AE I 2)
SEM A4S, SO LPSO AHXHEE A 4 iy S I I A R,
RSEth FHPAT TR, E%E T LPSO M aRkiEH
ARR, HR T LPSO AR T A i A 5 Atb A 9 SRR A
HAERA R BT (AR AR, B — 1 R PRI fh
Hr i 9 LPSO AR R ALSURA TR,

Chen 217 %85 LPSO AHIY Mgy, Y, Zn, &4 47 T
JIZEAT RIS, WSS SNy, LPSO AH B FU AT B
EILHEE R AIRE ), (HORAERL I R AR AR S KA
R R RS A, AW AE IR LPSO AR ET
AR FVERT, BRI E 2l I AT DA i G 4 0 5
B, RPEERICAIER . BRSNS Mg-Y A4l
LPSO A, 5 T84 & w8 T8 b & F IR 3% e 1 52
W, S5HRW] LPSO AH7E %A it A2 bl LLREIREE & 41
WA R WIS AT R A HCHTVE ]

TR LPSO AHET FL &b 5 A RE 3 DT B 4 3t A1 Ak
EAaERE, ZERRENS PRI T —Fl LPSO A1 B
MEAAL, ME 9 PR ZEE PR, TERE LR
S LPSO AR ) 5] 3 A4 B AR TR Ui S A 22
FEZIRARASE R b g A B 5 JE R B VE FT T LPSO AH )
AR B FH B9 KT Bj 11 B/ AHLAL AL PERE . [R] I 7E



53

B/NENAE . BEA BAER AR NORLSR 1L 201

E AL 55 AR LPSO AH AT LLATHL S SR IE i IR 5
A A RPUIG At RE, R A BLAR SO 4544
AT — A SRR ML T — 23 A0 B

BlO ok m ) ELTR AR BT B Mg-RE-X 4 4 e Ui 7o)
Fig. 9  Microstructure model of new Mg-RE-X alloy with high

strength, toughness and heat resistance!”’

2.3 HESEHRRAEEE

PHERAEEMN, WREREELMmE, |
Y X SRBEAR WA Mk 22 HomiR e 25 . PR EEE G &
rh I AN R A ] A B R A A MR, DR SRS &
M LR | EMIRE LA R s A e R e, HRTEER R A
FHRFC BN AT RIS 35 2 —

AR TAEGE & 4, BRI 5 BRE b i 388 s A AR &2
LRl T ARl R A dm A, S SR (4 b2k
B — A B — RUSF 30 7 o5 i Ay 2 o 2k R AR [) R~
TRAUSIN 3R — MR A TR 47 ) 7R 2 B g e 1 v
DA BEARAS S S Y RT3 A Ak )
B B AORAL A R Trm, BEREE A MR Y
HnR AR £ AT LU LR, Bfk ) (Sic, B,C LK TiC
SRV OB AT A R AN OK T AR (SiN,
AINS Y ALY (Ti,B ORI TiB) L 4 B A Ak
(ALO; . MgO %§) L J2 4 J& iR * (Cu/Mg, Ni/Mg,
Ti/Mg %) ,

2.3.1 HAEIGIRIK

S I T S S G AN S B I TR L
X RO SETRAAT 5, PURLERAN /N | A3 AR R Y ST ) ) 2R
RERROL ST o AR BUAR KRR 1 I iz A B il %
T, HC N BRAR AR S R P i [ 4 A R AR R 4 R
Hil A AL O, 3E5R AZO1 S5 kL, th T H AL O, 70 fi dE
WA, WO EERE T S, 150 °C R HUhL R A Al
ik 278 MPa, JURLHG SRR RSE0N, BEILE & AR
FIF P RE— 2N, — )y T A0/ N JBURE AT DU T A%
J s AN TR Ao 5 5 — T T, UKL 25 2 1 1 i A 2 it
RLIRLHE B/ N2 1 AL B 52 Zh I BEL T, [ B SURE Y 5 m]

Jis

DA AR 7R B 22 1 284 AT 8 N A R i B, A 3
SRAH P INECRE A —WBRAE, R T MBS S AR
N AL S P B M BE, T IR A — B A =
TREE . BRI EUCEE AR, &
PR RS AR T YA — AR S R S

X T4 R OB R Uk, FH T3 A BORE T A — 7 2 B
s AR BT A BRI ER A A B G R,
VA4 e JOURL 1 5 1 5 B 52 R — B A R AT 1 A e
PES R 4 R BUR AR B B VR N T B A I, A
WORL RIS AT BRIE AL &9, dk e b kv RE
2.3.2 tFHEIEIRAK

T 7 A3 5 AH T L 430 34 25 TR0 e 2T A 1 5 AH A AR %
SRRIBR AT YERATRAN , 15 SL R BR 4T dE B SR BRI B S M BB
B RIFLLRIE | STHEIEAEvERE R 12 vkne, dREgAl
TR LT A R B S 02 5 R SR AT S0 1 B AS N 37 252 U s 4
AR eI SR, B EAE OB RO TR A A
Pede, [FIBESA AR, T RREF 4G s AT —4EE 3,
XBFHT RS SERRTE AR, FRGTR S,
FEIREFYE F B D 1) T R Bl T G B AR 2 (a] A )
Wiz, T H YR A A 3G TR AR X — IR T LB ) A 4R TR
WIS SRR — o) f— e X AT e A TR 2 R
2.3.3  ap MG EAK

AT A AT S I SR AR LA, — MR
AR B A, R RF B i S X, S AT o
R SRR M A 25— W s, IRORTE 2R R A7
SRR, GnZE CuO PR MY Mg, B, O s BE 5L 2 &
AR LT 0 5 FIAE R L R 2R AR BRI Mg, B, O 1 i B
S A MR B R 35% 22471 ™ ZEINERIS CuO W2
AT A LS A G 00, DT 2R 5% i 200 -5 55 4k A 1T 1) FF
ZLRER A SRR, R ANOK AT I BRI R F R 2
RY:, HELNBUR G, KR R L &R,
RSN R R TR AT PO R, s AL R R gl
KA IMABE SR BESE A 5 MERH i 3 R0 98 P
[FIRTHEm, Al AT DAk kLRl B 554 2300, AL Xl K
A PR A A A A RO R

HATXE SIC | BREF4EFIRK 28 K4 . AL O, 5581 SR IA 1Y
BEEEAGMEMRCEBNRG, MiaEPR, HEH,
Mg,Si, TiB, SRR A NINIEE A X PR E &
PEBLRUL, AR R R B2, 5 — R L kA
FrokalE, S URIERRAR S IR S A B A M E il
PEA B2 AR 3 5 UK T e 5 Bk B AR s i
i, B R B PUE . BETA AT R, X
Zod TR B AL BRI R AR W BE S A AR, L R e A i
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R, {H E T b e AR AR S B B AL A BRI S Y —
TSR, M A RS AAR Y SFUE A5 G IR L, BR T R
SCAT UL AT SS & AN 240, Stk S SR v R 2 Kk
AR, 1 U EANERE o BIAn AL O3 SR IRTERE & 4
2 A MgO I Mg, Al AH, Mg, Al MG SSEAIK, X
MR R IR ERE AR K s SiC ki 7E Mg-Al KRG 2 Tk
SRR, R Mg, Sio R AfR R 8 [m] (51 32 55 1)
RS, RV 5w A g s A O, 4
Ten IR R 5 A A Y YR R 2 A Ry, DT e A R
e, FEITEENIMEGEICR | W RIARR Rt (R
F) AR & T2 AR AIBIFST T N %A T KB 1 1
SRR, FHRGIE MmO T 1 DL R R G B 4 T
2k,

3 % i

WETAr, 5 MR R IR RS &R R A
S FBE, MBS 4 A RN SR AR D R v U
SN FEERFZ —, BH, #0840
B AIRE A MM SL, BEX =t kNS
G WA T ARBRAL B I TAE A TRl — R R

RATEA G P SRR T AR T S8 LT LA
AT, (D) @SR AENEERG T ZASEE S
gl A RIS | SECREAR H 5 53 A0 A 98 K T A
RIFESE S S rImE; (2) TWRANISE LPSO HITERE &
G isRAGE R, S R A B RSE S e AT A
PRIV E— 25 ok 3% Mg-RE & 4 B9 J1 2 ERE, [RImF24i
TEAER L 2B 4Bl A LPSO AH; (3) sk nfhk
TE 35 B HC 55 A 1 P 1 245 ) e o s A R A b R 11 K e
RIZE, A A A 18 i R ) F 2 S e A b R
FEHE AL,
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