32 124 FEHEERFIR

Volume 32 Number 12 The Chinese Journal of Nonferrous Metals
DOI: 10.11817/j.ysxb.1004.0609.2021-42622

2022 4 12 7
December 2022

E-HLI AN THRARMRER

BB, EEE & R, A K

(1. IR RS MERFE S TR0, @ DR & S O HR R 45 455 P RE VR
IR TR, i AR R ] £ AR e 2 B Ry B R s =
HREE A AT 53 M RS R 2 B A0 5, W 411201
2. EE TR ARARE R SHIEH AR E S, M 510641
3. HKHRFERARFLPL, BEEK 401123)

& B SR TR LASEFIE. SLER KB AR AR T H I R, NEEREE . BREE.
B s L S5 55 TR A 2 SR T 2 R R AR e, R @ I AR T 1 25 U 3RAT 40 & B RS 43 A1 ks 4 i A
SRR MR T B LA S LB R R, R BB T2 R SO S A R E S N
Bl m AR e A, B4 T SIRER AR, mIEHE A 2 G & S A SR SRR R, R
B A P AR T L v R LR B A i) % 9 K R 4 b (W 07, (B KM AR T 2T
Pk SLHIR R EE e, RoAE R, BSOS RN e, M- LA S BT ARD
RETT R T @
XBEE: B-MmLae:
YEHS: 1004-0609(2022)-12-3632-17

ek FLil ORI, JrstkRe

FES>ES: TG306 YHERFRERD: A

SIcAE: # & HET,E B E BE-M A S B TRBORUE SR R[] T E A 5 R A, 2022,
32(12): 3632-3648. DOI: 10.11817/j.ysxb.1004.0609.2021-42622

CUI Lei, TANG Chang-ping, LI Quan, et al. Research progress of plastic deformation technology of magnesium-
rare earth alloy[J]. The Chinese Journal of Nonferrous Metals, 2022, 32(12): 3632 - 3648. DOI: 10.11817/j.

ysxb.1004.0609.2021-42622

Bt eI (N () S A5 [ H 2 S, S
LR AZ I 32 A S ATUORT R B R 7 SRABOR B
wYNR. BERAEER. . NI R
BHLJEIRIRNE BERF S50, FER PR B AL liE o BA
RARBISS R RERTF D SR, SEBE K 95
FEAR, ARAEAE DL E RN A T 25 4F . Wtk
B, BRI L O R R S A e i
R, WL MICHRA Gd Y&, Gdv YIURE

B X BOR R, HL I R B P P P T
FEAR, HZmAeRIL i s Y. 2 RUe# ), W)
TERADIRGIK AT AR, AZ AT I B2 =7y
A, e RUPHAS R AL AR i 5, REIRTHEEm
JIEEPEREP Y R AL EF, REIFR T &R
FITEREIL S B -F - & ekl JFERT S TR %
AUERAG T )iz BRI

MR IES G &, RRHES SN2 R

HLTH: EXHARRSHESRBIH (52075167, 51605159, 52071139); WA H AR & ¥ BT H (2020114307); R4
HETMHGEFEDH (19B214); | A8 HG % 3% & 8 S0 I0 = ORI (PEMT202103); 8 B9 48 BF 70 A= Rt 6 38 T

(CX20211030)
Uis BEA: 2021-11-04; fEITHHA: 2022-01-18

BEEE: BET, 8l#0%, Mt Hih: 18773260825; E-mail: tcpswnu@l63.com



332 BEE 12

# & F BRSSPI R 3633

SIS Biltn, e KA A B A E i 5+
i@ B AL AR 1) A T 7 2 B ) % LR R 2 B 1 710
MPa ] Mg-Gd-Y-Zr & &', HimE oia s 7S
ARG S IIKT . HIEBES SAEBEA ISR,
—BORIE BRI T AR B, R ORI 3 AR 7 iR
P, IR IRRLOE, EE & FE
At WAL, SEEENEANTTEN, EEIR MU
HE R MHEE 2R 25 5 R g, BPEEE 0 iR
FETtaa, BT AR MO e A A T 2
Il 553 VI 8L ) 2 18] 22 S AU 17, W R 3l B 22 1Y
W#R, ARDHEEESNBIETRE, WEEENE
PEAR T AR =i P T . HT 86 SR RRRK,
FEFAAR T R T 25 Ty R A By 34 T 45 ot T AR o5 K 24
o [FAEF, T84 4 Hall-Petch ¢ & b K4
B W U, SO BRI A S & SR
RA . IPHERAC, BREF o sh, &g
- LG & BRI . K,
S UI St Bty o N IEC N S 710 AN 2 IV N N
PEAR TR G BVE AR T ROR &) 2 B T 8-
et Hl& T RERAMKHE. WHCKREER
UK RGBS e R, R TR
PERE.
KIANEZLRIR T LR & GBI
TR H AW AR, FEAFEE ML, WAL
il DAL J% 4 il 18 ¥ f B JE (Equal channel angular
pressing, ECAP). 15 J& #1l # (High pressure torsion,
HPT) A1 % [ 4 i& (Multi-directional forging, MDF)%§
KIS T i R (Severe plastic deformation, SPD),
OV T IR TN G SO 2N M RE Y
SO, DU s REBE & e I R IR S5

1 EMHE

Fri e Tl B AR T, RRXE
ZRENIPRES, AT EEBERE, FliE
GTERE X RBIEBIRIM R, JLFER, ae
(5% AR B BR e F i ad, — A 1) i B2 R 1 400
MPa [¥] Mg-RE $t [5 38 2 8 & & i il 2h I & HE K
EPEREANZR 1 PRl 35,

B AR IR (R R i B < P RE 10 L 2 A
o WIAURIL BESTRIEET R, BARERELR
A PR AR 2> g R, HUANG 5K

o

FH OB AL % 5 H B % I & 1) JDBM-2.1Nd (Mg-
2.1Nd-0.27Zn-0.4Zr) & 4:7£ 250 C. 280 CAH1310 C
1340 CHHATH E, RIFELSHERSBSEE R
IEMRK R, 340 CRAT TR, HEHRIR
FETHE, B s IR B PR, 250 "C3RAE T 541
MPa [ s JE RBREE . X R &8s, FrER
FEX & SO SRR B B 2 o 23 iR B K
iR, EARREIRMAN/ N AL, (HESBESRE
BNASHTH, BEARS B2 B0 2 A 1 Te A 8 R
[ 7 A = S R VA By NP X (AT TR
R BT, IEAERIT R T E R T2 (R
T AR TS B TR AN []), B 58 A = i T A
AR RRGIHT AR R AR T, ] S br
FrE IR, A BT a0 40 R RN 8k G R T 2 L.
RONG Z5PI%} Mg-15Gd-1Zn-0.4Zr 4 4 2510 57 1%
FZEREFRHAT T A EOAR 7S 25RO BL, ZEHREFIE
P i 7E 7 3k A A 1 AR 3 L 25 T 5% T PR i R
AL B SR AE /N . Al ZE R A AT Dhd i
BEEEIR A ELR R, AR S 0V E
K 75 K B W H 7 (Long period stacking ordered,
LPSO) &5 H I JE i FH A0 &, Z B IEFE L TR 1
LPSO#H A 5 3%, AL T2 B5 R AE A 1 25%. 7]
W, SEEREEMLL, 2GR T LR A 8
R, FeAESESRIIUIERRIGEE )T, R, ZE
B A b B b o8 B AR R T SR IR BT R AR iR
41 MPa, JHEIRIREEHE S T 42 MPa.

B IR 25 E Xt B 4 10 P85 ot e RS A 8 3 1 R
M. —MKi, Zener - Hollomon (2)Z 45 81 & 1
25 R RST (Ao AP FE QTR R AR -

dpopx=AZ™" (1)
Hrp,
Z=éexp(RQT) 2)
. 6D v, InE
é= 753 iDS R 3)
B E

A ARLFEH; n2FmREG QRBUGHE: R
IRERE R TRIRBE; ¢ RNAHEE,; D, L%
HE; DR EEER: v RilE; E a5
JEEEST, B, BRO)~@) B E R A, S4ErE
A TS5 i droRn RUST B A 5% R 3 B2 (0 15 K T ks o 28
M, FESERROFFH R, BEETREE R, shsH
Sh R ARORE ) RS S AR 40- 460 X 2 LR %



3634 [ E B4 R 2022 12 A

F1  GREEIT 400 MPa (5 BT Mg-RE & &7 31
Table 1 Extruded Mg-RE alloy with strength exceeding 400 MPal?!727-33-43]

) . uUTs/ YS/ EL/
Alloy Processing condition MP MP o Ref.
a a 0

(520 C, 12 h)+extruded at 400 ‘C(11.3: 1)+
Mg-8Gd-4Y-Nd-Zr . i 419 321 2.6 [21]
(solution treatments, 0.5 h)+aged at 225 C

Extruded at 400 ‘C(16:1, 30 mm/min)+
Mg-5.5Gd-3.0Y-1.0Nd-1.0Zr . 490(UCS) 325 89 [22]
aged at (225 'C, 12 h)

(500 °C, 8 h)+(525 °C, 4 h)+(pre-aged at
Mg-9.2Gd-4.4Y-1.0Zn-0.8Mn . . 455 382 11 [23]
225 °C, 110 h)+extruded at 420°C(11:1)

(520 °C, 48 h)+extruded at 450 C
Mg-11.5Gd-4.5Y-0.3Zr s 483 423 22 [24]
(20:1, 0.1 mm/s)+aged at 200°C

Mg-9.16Gd-2.12Y-0.24La- (500 °C, 10 h)+extruded at 360 C

] 490 481 2.1 [25]
0.23Er-0.11Ho-0.64Zn-0.43Zr (7:1,0.1 mm/s)+aged at 200 'C

(515 °C, 10 h)+(495 ‘C, 4 h)+extruded
Mg-12Gd-2Y-1Zn-Mn . i 509 427 5.1 [26]
at 495 C (6.25:1, 0.5 mm/s)+aged at 200°C

Mg-8.3Gd-4.2Y-1.4Zn-1.1Mn As extruded+aged at (200°C, (0-250 h)) 538 - 131 [27]
Mg-8Gd-1.2Zn-0.5Z-0.5Ce Extruded at 360 “C(7: 1)+aged at (200 ‘C, 64 h) 461 458 55 [33]

(525 C, 2 h)+(515 °C, 4 h)+extruded at 300 C
Mg-3.5Sm-2Yb-0.6Zn-0.4Zr . 451 449 49 [34]
(6.5:1, 0.3 mm/s)+aged at 200 ‘C

(500 °C, 2 h)+(520 ‘C, 12 h)+extruded (billet at
Mg-15Gd-1Zn-0.4Zr . . . 461 380 2.7 [35]
490 ‘C, mold at 370 'C, 9: 1)+aged at 200 C

Mg-8Gd-4Y-Mn-0.4Sc (520 °C, 18 h)+extruded at 400 C (10:1, 0.1 mm/s) 406 337 10.8 [36]

Mg-11.5Gd-4.5Y-0.3Zr (520 C, 48 h)+extruded at 450°C (10:1, 0.1 mm/s) 412 346 7.5 [37]
250 C - 541 3.7

Mg-2.1Nd-0.2Zn-0.4Zr (540 C, 10 h)+extruded at 250 C (9:1) [38]
280 C - 462 49
(530 OC, 5 h)-‘,—extruded at 0.1 m/min 446 371 2.1

Mg-9Gd-3Y-1.5Zn-0.8Zr 5 . [39]
400 C (15:1)+aged at 200 'C 0.3 m/min 407 325 2.1

Imm/s 479(UCS) 312 26
Mg-13.25Y-4.87Zn-1.29Li (500 °C, 35 h)+extruded at 350 °C (25:1) [40]
0.1 mm/s 632(UCS) 430 20.2

(10:1) 406 337 10.8

Mg-8Gd-4Y-Mn-0.4Sc (520 °C, 18 h)+extruded at 400 C [36]
22:1) 425 352 10.6
(10:1) 420 356 7.6

Mg-11.5Gd-4.5Y-1.5Zn-0.3Zr (520 °C, 48 h)+extruded at 450 C [37]
(20:1) 424 371 7.2
(520 °C, 14 hy+extruded at 420 °C (10:1) 417 295 65

Mg-Gd-Y-Zn-Al . [41]
(0.2-0.3 mm/s)+aged at 200 C (22:1) 440 328 7.0

Mg-7.5Gd-2.5Y-3.5Zn-0.9Ca-0.4Zr Extruded at 400 ‘C(10:1, 0.1 mm/s) 405 345 8.8 [42]

(510 °C, 24 h)+extruded at 320 C
Mg-13Gd . 508 470 2.5 [43]
(4:1, 0.2 mm/s)+aged at 200 ‘C

UTS: Ultimate tensile strength; Y'S: Yield strength; EL: Elongation; UCS: Ultimate compressive strength.
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Fig. 1 IPF map(a) and pole figure(b) of bimodal distribution microstructure of extruded Mg-13Gd alloy™**!
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1.0Zn-0.4Zr 5LHIRM TR T AR TEHH dok A P 45
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Table 2 Mechanical properties of rolled Mg-RE alloy with strength exceeding 400 MPal?* 4852

. . UTS/ YS/ EL/
Alloy Processing condition Ref.
MPa MPa %

(500 C, 24 h)+rolled at 470 ‘C (50%)+

Mg-11Gd-2Ag 3 435 393 52 [29]
aged at 200 C

Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr (500 C, 12 h)+rolled at 450 ‘C (50%—88%) 600 575 52 [48]
Mg-13Gd-4Y-2Zn-0.6Zr (520 °C, 12 h)+rolled at 450 C (89%, 94%) 415 301 9.91 [49]
Mg-10Gd-3Y-0.3Zr (510 °C, 6 h)+rolled at 450 C (75%) 424 - - [50]
Mg-9Y-6Zn Rolled at room temperature - 460 (CYS) - [51]

(510 C, 12 h)+rolled at 400 ‘C (96%)+
Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr 517 426 4.5 [52]

aged at 200 C

UTS: Ultimate tensile strength; Y'S: Yield strength; EL: Elongation; CYS: Compressive yield strength.

& " L v:% 3
El2 Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr £ 4 AN [F) A8 JE B I 1) J2 il s i 148

Fig.2 Stacking fault density of Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr alloy at different strains™**!: (a) 50%; (b) 70%; (c) 88%
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#3400 MPa ) Mg-RE & 4 13 3 fros® 71,

M Mg-Y A& iRinzn i xG, %SG+
ATFEA 18R-LPSO M, ZAHE Y M ZnJtk, HH 2
IR 285 4R 45 41010 TR 2 R 5 4, FE B R I R
B, 18R-LPSO AH¥s FHAT AR S IRIAR SR PR E W e A2 25
HiADFI AT 4, T P AR GO R OO 72T
P11 18R-LPSO #H ] i ik ki 7 ¥ & & #% (Particle
stimulated nucleation, PSN) ALl {i¢ 3 2l 25 F 45 &% 11
FEAR N BRAL,  18R-LPSO AH A & th 7 45 R4 BHLAS A7
HIashl Aol B RSCBURL G, 4l B TRL
o] Dlamfb &4 SR, 58 A 1) 18R-LPSO
AESURL P f6 2 B AT 402 T I 1) DR AP FH -5 B30 1
Dtk PR BRI Z A, FEB A AR e 2t 2
IR 14H-LPSO AH, 1ZAHAT LARHAS & SR A2 3),  #0i
R KO B4 il Me-Y-Zn & 4 (1) 1154 P
HABENEW, BEEY ICRMNZn TR &R
n, G mERIS, “E 880N Mg-
4Y-2Zn i, & 16E RS EIE, 5 TR 1%

#3 SRR A R KT 400 MPa Mg-RE 442110 1) 307"

Table 3 Mechanical properties of Mg-RE alloy with strength greater than 400 MPa after equal channel angular pressing!®!~""!
. » UTs/ YS/ EL/
Alloy Processing condition Ref.
MPa MPa %
Mg-4Y-2Zn ECAP at 360 “C (5 mm/min, 16 passes) 611 (UCS) - 20.1 [61]
Mg-2Y-1Zn ECAP at 350 “C (5 mm/min, 16 passes) 446 (UCS) - 16.5 [62]
Mg-8Y-4Zn ECAP at 350 “C (5 mm/min, 12 passes) 530 (UCS) - 17.1 [63]
Mg-4Y-27n-0.04Sr ECAP at 330 'C (2 mm/min, 4 passes) 408 - 5.1 [64]
(500 C, 24 h)+ECAP at 300 'C
408.4 319.5 182  [65]
(3.5 mm/s, 8 passes)
(500 °C, 24 h)+ECAP at 350 ‘C+aged at 200 'C
460.3 3964 8.9 [66]
Mg-10.6Gd-2Ag (3 mm/s, 8 passes)
(500 C, 24 h)*+ECAP at 350 ‘C+aged(8 passes) 502 409 8.8 [67]
(500 C, 24 h)+ECAP at 350 C+
460.3 3964 8.9 [68]

aged at 200°C (3 mm/s, 8 passes)

Mg-10Gd-2Y-1.5Zn-0.5Zr
Mg-10Gd-4Y-1.5Zn-0.5Zr
Mg-10Gd-6Y-1.5Zn-0.5Zr

ECAP at 360 C (5 mm/min, 8 passes)
ECAP at 360 C (5 mm/min, 16 passes)
ECAP at 360 C (5 mm/min, 8 passes)

518(UCS) 263 216  [69]
5482 (UCS) 300  19.1  [70]
537(UCS) 361 170  [71]

UTS: Ultimate tensile strength; YS: Yield strength; EL: Elongation; UCS: Ultimate compressive strength.
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AR IEA 25 . MY S8 N 4% K, 14H-LPSO
FRSE A i I a A AL BSOURL, - ARk T IR RE
A8 R T OR T A% (PSN) AL 42 3F DRX [ &

AV, MY S RN 6%, Mg, Y s FHA R B R,
18R-LPSO #43 R A= 25 dh A AT, 30 R AR J5
5 Mg, Y B W BORLIR & 7E — e FAS T AL 4512 3 ,
HIMEH S BN EYETEN EEN
ECAP 2, &7 T 14H-LPSO Fr ). A )
Mg,, Y s BURL AT LPSO AR PR 58 oy O BE P AR &, %)
GSEAGEIEN. b, AITEIE L 250 & 5
A, 24%Y &L 16 ERET R, TTH
Bty A1, TEAR T 1638 RN R ML 1% A
y! AR B R B IR TN 9 T LPSOAH, Al
H&IR1F T 548 MPa BT BB EVY ., SRt Fi gk
B, Mg-Gd-Zn & & UTiEAHBIHT P8 . i
F1 [ 775 4K (Super-saturated solid solution, SSSS)— "
(Mg,,Gd,Zn,5)—y" (MgGdZn) — y(Mg,GdZn)” e,
SR, FEXBEFLT, p AR TR BT,
AHBITEAZ AR 75 B ARE , B8R 360°C 4 R i
FE 5 T 6 Al I RO, AR H R —ANME IR
INFIA)RHE, P DAFETE IR A I TG it " FHAE T
THENRE, MAT 16 ERFIEE, ] 2R E®
R RE A AT

SEIMIEL Pt R Re IR LR 2N BT Y], A ik
A AR & 1 LPSO AH, RTFHCNAR 7 (1 ) 4k
e, (HAEAE R EAT S B AT, SEUH %
TZREN, BAR R, HAxJEf &R R
AR,

3.2 Sk

YA, R IR AT R BRSSO BT
—. A JEH1#% (High pressure torsion, HPT)$ R# A
NI REANL B O A ShokL, 1) SRR A R R 48K
i (1) B A U R BB AR TR R, ek, BTN
Ul IS S R % T — R AT 110 HV B
1100 MPa ) Mg-RE & 4x( L3 41775,

UTAER, SUN SEUSIR iy e A1 1R AR T J7 12
Xf Mg-Gd-Y-Zn-Zr & &7 T RARHIT, K
L, HPT X & 40 snkl BA B3 A E A, B
HPT P& 38 0, nl DO & 4 00 & ks 4846 22 100
nm AR, SRASHEAEII IR RL, A i ) B e
FER[IEE] 156 HV .

SUN Z5077778- 82155 531 %o} 4 25 F [ V5 &5 Mg-8.2Gd-
3.8Y-1.0Zn-0.4Zr & #4177 HPT &, JEHER 1
AT HPT JG I 8017 8. TR, %56
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F4 HPTASM 5T 110 HV 5 1100 MPa [ Mg-RE #4177
Table 4 Mg-RE alloy with hardness exceeding 110 HV or 1100 MPa after HPT7~%]

Alloy Processing condition Hardness Ref.
HPT at ambient temperature (1 r/min) 115 HV [77]
(510 C, 12 h)+HPT at ambient temperature (1 r/min) 126 HV [78]

(510 °C, 12 h, furnace cooling)+HPT at
. . 3 128 HV [79]

ambient temperature (1 r/min)+annealed at (400 'C, 1 h)
510 °C, 12 h)+pre-aged at (200 C, 48 h)+

( Jpre-aged at ( 8y 134HV  [80]

Mg-8.2Gd-3.8Y- HPT at ambient temperature (1 r/min)

1.0Zn-0.4Zr

(510 C, 12 h)+HPT at ambient temperature (1 r/min)+

136 HV [81]

annealed at 573 K/0.5h

(510 °C, 12 h)+HPT at ambient temperature (1 r/min)+
aged at (120 'C, 12 h)
(510 °C, 12 h)+pre-aged at (200 C, 48 h)+
HPT at ambient temperature (1 r/min)+aged at 120 C

145 HV [82]

156 HV [83]

(530 °C, 8 h)+HPT at room temperature (1 r/min)+
aged at (125 °C, 8 h)

Mg-4.97Sm-0.84Ca

Mg-22Gd

Mg-4.09Y-2.41Nd-
2.14Gd-0.56Zr

Mg-11Y

(530 °C, 5 h)+HPT at room temperature

145 HV [84]

146 HV [85]

(510 C, 12 h)+HPT at ambient temperature (1 r/min)+
aged at (120 C, 22 h)

(500 C, 12 h)+HPT at room temperature (1.5 r/min)

138 HV [86]

135 HV [87]

(525 "C, 8 h)+HPT at room temperature (1 r/min)+

Mg-3.56Y-2.20Nd-0.47Zr

(525 °C, 8 h)+HPT at room temperature (1 r/min)+aged at 200 C

1411 MPa  [88]

aged at (200 ‘C, 1 h)

1400 MPa  [89]

& E HPT AW 5 S ki 440 %2 55 nm.  th4h, HPT
WBAEE ST GINT KREMAH . YUKk, &%
FEALES AT Mg, (Gd, Y)Wk § 30 A S IR 2 T
115 HVU, HPT | #EAT B 75 Ab 38 ] fd & 4 3819 5
BE W R OR,  RLRGT/N £ 48 nm, H
WO TR - AL - RS A AR, SR T
Rrlas i, W EE A3 126 HVS, CIZEK 25514 %
WA G R4 HPT AR 0] LG N KB4, ixis
Bl B ARG SE 0 A e He AR T, i Mg-22Gd B & 4
T £ IA 3 7 145 HV. HPT 5] A K & 5 A A7 4
ARTEEICENY B, PSS BOE R
SR T E AL, HPT &4 i 75 i R0
FEAK, Bk W P e %) B[] B 4GS 545680 i
Mg-Gd & 48 i (I 0T 7 51 O A i 44
(Super-saturated solid solution, SSSS)—"—p' —
Bi—p” 70, i HPT &b PR 1) Mg-8.2Gd-3.8Y-1.0Zn-
0.4Zr 41 200 “C RN, AW 52 3 A2 A2 5K

BHER T FEAHBAH . 247E 120 CGRAK T M
RO . 200~250 CHIF 212 h 5, BIGEH] [ 145
HV [ AE A 7

5 AERTEEA S MBI AR R A B
Wi, SUN S5U7-800 73 53 g sk i 2880 Ak B0 i1 945 /5 (0 4 00
T2, 7 Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr &4 5]
N TGRS A WFFCRIE, 90Kgidr
HAH B (Mg, RE)E B T S kbigifl, BEW et fE
IR EZ 3, 16 Bl S SR RI4EAG 2 33 nm. TIOK
9% 14H-LPSO FHLEAS I it FE b i AR 44T, AR 4Ty
FiE R R EALET A A A and AR, &
KRR 56 & A2 48 IR 14H-LPSO [, 3K75 T 52
nm PEAE &L B3P AR, HRCKSEE —AHAH
Eb, 9K ss — A Sk AR RO OB R . Bl
FARTHIREAT, ORGANFOR S A IE DN
FEAR IE T ot v R [ AR, 4 A AT R A AR .
SUN Z5183055f [ Y4 + I5F R +HPT T 25 1] 4% (1 #F 5 8
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120 CHHT 7 HN 2, g —D3R T, R8T
156 HV (1) = il 2 .

SUN 5815 Y [ +HPT 1 T 25 % 1 &k R
PN 48 nm (FEEGH 5, IREFC T A &R KAT .
MTE473 Ko 573 KOB KA, WITE & A = A4 K
BB AT R %, Bk RS IR AR R AR
BEE KRB R ST R, kLR AR B R A IR R
i A B(Mg,RE), BAHMIAT HVH AR T ¥ )5+, i
i T AL R S R AT B R0/, 5 EORE R . 7R
573 KB KB & &0 1t re i ik =7, EEN
136 HV, M4 kL K& 1% 5wl S 1] 7% 72
& BB E R R A

Be-H & S0 m LR AR TR E A TE Mg-
8.2Gd-3.8Y-1.0Zn-0.4Zr &4, HAhH &WF5H D
I AT, AT R RST B A B gk
%, ol NEEEAAL. Wi T ZEa 5K
R A A S urtl, (ESRFZ TR T RE

Initial state

Third stage

5 - 2 ’.'. A
SR
o220 0letetateds e ta s,

RSP S22 7 MR BR I, Xk DL ) 2 KA 4
ek

3.3 ZmEiE

% [0 08 £ R (MDF) 7E 86 & & A8 FH iz,
FHECH AW SPDEOAR, 2 () B0 B B AR HL AT
PLid T R < J 7 i, B0 AR AR 7 R 1
o AR, WHFENGUCKRA 2 B ARTE I K T
5 R I 350 MPa B2 filf 52 8 i 150 Hy 1) Mg-RE
é\é(ﬂ%% 513032, 91—97])0

MDF i}, REREMEG SN ERERE. Bid
WA, BHARRRIZE, AE&R5 TR, i,
BERIEFEAEEBIENE, HWETHRLT
F, PRART B A SORES, BaE IR T, R
WA, G EmNATRRE J1IRTT, "B R A
HEL . LIU 2994 Mg-8Gd-3Y-0.4Zr & 4 7£ 230~
480 ‘CHEAT H 12 mBuE f5 & B, & 380 ‘CY i

First stage

PO

Grains with micron size D Dislocations i
Lamellar LPSO Solute diffusion Dislocation cells &
Block LPSO - Kinking =  ====- Nanosized grains D

3 TCKZREE —ARAE i A e R TR A i R s )

Fig. 3 Schematic diagram of evolution process of micron-second phase during high pressure torsion!’")
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5 MDF &L Mg-RE & & 1) ) 5 P Rbo 2 177
Table 5 Mechanical properties of Mg-RE alloys prepared by MDF deformation~3%°1-97]
) . uTS/ YS/ EL/
Alloy Processing condition Ref.
MPa MPa %
(510 °C, 24 h)+forged at 480 C+
Mg-6Gd-3Y-1.4Zn-0.4Zr - 431 392 8 [32]
aged at (200 ‘C, 26 h)
(525 °C, 7 h)+forged at 475 ‘C+
Mg-8.0Gd-3.7Y-0.3Ag-0.4Zr ] 448 391 3.9 [31]
aged at (200 C, 40 h)
(510 C, 24 h)+forged at 500 ‘C+
Mg-4.9Gd-3.2Y-1.1Zn-0.5Zr . 390 331 9.1 [30]
aged at (200 C, 78 h)
Mg-13Gd-4Y-2Zn-0.5Zr (520 °C, 16 h)tforged at 440 C 399 308 14.1 [91]
Mg-9.02Gd-4.21Y-0.48Zr (525 °C, 10 h)+forged at 450 ‘C+Aged 365 — — [92]
Mg-13Gd-4Y-2Zn-0.6Zr (520 °C, 16 h)+forged at 480 C 416 342 4.12 [93]
(520 C, 16 h)+forged at (480-420 C,
Mg-13Gd-4Y-2Zn-0.5Zr temperature of each pass is reduced by 20 C); 405 305 13.1 [94]
annealed at 480 C between passes
Mg-8Gd-3Y-0.4Zr (500 °C, 9 h)+forged at 430 'C 353 276 9.25 [95]
Mg-5.95Gd-3.21Y-0.83Zn- (480 °C, 8 h)+(510 ‘C, 24 h)+forged at 480 C
. 364 295 4.8 [96]
0.32Ag-0.44Zr (9 passes)+forged at 460 C (9 passes)
(520 ‘C, 16 h)+forged at 480 ‘C (1 passes)+ Microhardness(HV)
Mg-13Gd-4Y-2Zn-0.5Zr s [97]
forged at 430 C (3 passes) 157 HV

UTS: Ultimate tensile strength; YS: Yield strength; EL: Elongation.

TR R 2 S FHS RN, RS
T EER TN SRS IR R, SR RRE IR
[ F I A B YIRHEOE IR, S5lRaEkk, F
B ETRERRR ", Nk, MFRENIFR T R
BT 2. flln, DONG % Mg-13Gd-4Y-2Zn-
0.5Zr & 41 480~420 “C HEAT B IR#IE, R18 17 4.0
um AR A P PTRL R A . IR A
L5 F] 357 MPa. 294 MPa 1 18.1%; I %05
HE— 25T #1399 MPa. 308 MPa il 14.1%. iX#&
H T WG M BN il 5 KA ah ah, B S BRI
BB, PO T RS SRR, AT AT BASR
13RI/ e ZH A
HTSEAGSBMERILA 1%, 2GR
TR ARG N AR . A PGB AR T 5 2 A) 4
i, AR T R % ) i B % (Multi-directional
impact forged, MDIF) B A B i U H0&E 0%, AR T
B B R RIABE A =000 e A g AR S R 2 i
B 18 R A 4 TR ORL 2 AL AL A 2R R 3 s
M9 1021030 RIS R B, R AR S 2 R AT 2 M

AT, ARG R BT BTBL. SR B, W
THIRASTEI BN AZTE AR, S 79 B 4 (112
RIS ) N B VA R A, R sEE . Hii T
(1012} 7 122 S (e S0 VIR A, BRI, 0 14
JUFEER Q0120 hr 2R dh . B B R4 4k 3
TR AN, IR EIE R AR R R, R
FOTRZE TR, RIS, AIAR R & S ] A > &
MIAELEBA T4 akn, WA B TAfiekL; 4%
BATENS, HT AR, (R Oy T E
ATENLE], KBS, B, 5 BB b
LA T B 45 R AL AP 1210 e AR
RE ALk SRR A EAY AR iR S) A oY D R S
W, TR RS AR, B E e
SRR EE I AU, SR Z R IR LRI,
91 AR T 6 2 1] BBt e < T S AL A AR 1 55
G o X8 BT 1 AR R 2 R B BB K
ZAZ /N, IR 8B Ty 1A (0 A 1 SR A T S
Rk, HAERE ) RIS FR45 S Bk S T7 B 4A )
BEHLEC R kL, PRIl B AR Gy gim RE g5 102710 1091,
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AN, TR B Mg-8Gd-1Er-0.5Zr £ 45 1w M
AR Z ABIERT, BT ERLE B -E KR
CARLIEBR 52 126 N SR E S e, S EURAIE
Jil T LR o

1E 2 (A BOE T X R) 5] NGB KR T i T2, nr
SR EEMAL AR, BEE WA
B, S35 IO A 2UE BT 3R 43 R UF (0 58 B .
DONG %594 H g3 (B3R A7 18 K A FR 1 = IR 17
I MDF &, RIEETE KGR K Ab B e] DU S
S 45 S (SRX) ML & & A VR R 5] . 1
WA RAT Er sS4, R KEHSER
B5), IO SERERL 208 0, BT T R
FIBCR 19 Mgy(Gd, Y, Zn), 1B K J5 K4 Mgy(Gd. Y,
)R BEG AR ST, AR T H5IMA
21, FRIIAE % 5.2 um. DONG Z5C7E 4518 VAT %
& LPSO FHIN & & AT T AR B, & ILTE T[] 1%
AR 2 JG 1 2 B S T AR, kL AT e T
KERN G AR A /R H I IR Mg RE AL 407,
AL, 2T A AN 22 ARG AR T, HUR LPSO
FAA ) 2R LPSO AHEEAE . 1 3 L A/ N sk Ak AH

Fig. 4 SEM images of MDF samples after different passes"®”

& &M & 2 157 HV.

gE LATR, BRI 2 1n14800 BE 2 A I 5 R
DA S NI = RS 2 < A L2 R NBl G oy e Al
HIAN SN, Bt TE R A 5] NGR KRR 7 T2
A LM R A ST R, RS S 4
MgEavERE, (HE MBUEN T2BER, AErema

3 HFR5RE

ST EE T WG B AR K IR AR
TR Be—Hi - & IO LAN J7 2 RE R
RIS MR RE R T i 3 AR AL R
TR AT iR SN JREE = AT T . WBAT 1K)
WHFCRA, X kLA T BT U ), T
T ROV A AT 51N J2 48 58 5 T (R T T8 A
XHE o FEARR, BTG EE B3k — 20 $h AR
e, XHik, RSO TR B - b e BB AR IR i
AREIHE TS i

D) EF BT, BEETETCRIERAN, JEd
BRI AT 2R B A SR 4 AL 7T e 2 B

\ ]

«e\ {

B > -
Culﬁ RE ‘1'icl§ed:phase'

v

.ot

- ..-'.:l ""\ “

(s TS TN
. RN
-

\ ! 5

Fine partigkes
gl

e
»

: (a) 1 passes; (b) 2 passes; (c) 3 passes; (d) 4 passes
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B, A e TR ) SR AL AR TR B XUE 7 A i A 56
THIFREEZ . BRNMTTL. B, RN
GRZHZA AT TR A L B TS5 XU ) A
RLTE B RS LA K XSV A AR 5 5 < 55 )
PERIHLEE.

2) FERAFLE T T, A2 LA XU 3 AT ki
MZEE R, RREEWT WAL BT
SHPAEE T 250 AP IR R, FRRA
TFRE RSO 5 4 71 AR RENLER 5 T OB 7T o

3) fE R HART I, BSR4 RCR
B, (EPTSRAE I A SR A A A, 75 28R
AN FU S RLAR A0 5 Hopth 22 A am AL ML T B Ao £E
FRE S RGT b UDAR T B — D RO
Hfl Bk, BEARMARE T E M E— P,
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Research progress of plastic deformation technology of
magnesium-rare earth alloy
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Hunan Engineering Research Center, Hunan Provincial Key Laboratory of Advanced Materials for
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Abstract: This paper reviewed the research progress of magnesium-rare earth alloys in extrusion, rolling and
severe plastic deformation (SPD) technologies. The effects of deformation temperature, deformation speed and
extrusion ratio on microstructure and mechanical properties of the extruded samples were introduced. It is
indicated that grain refinement or formation of bimodal-grained structure through deformation process control can
improve the mechanical properties of the alloy. The research progress on rolling deformation of magnesium-rare
earth alloy was summarized, it is found that the ultra-high strength magnesium alloy can be fabricated by forming
bimodal-grained structure or introducing stacking faults through process control. The effects of equal channel
angular pressing (ECAP), high-pressure torsion (HPT) and multi-directional forging (MDF) on the microstructure
and mechanical properties of alloys were summarized. It is exhibited that SPD technology, especially HPT, is an
effective method for preparing nanometer-scale ultrafine grains. Compared with extrusion and rolling, the process
is more complicated and expensive, and the size of the prepared samples is often smaller. Finally, the suggestions
were provided for the development direction of magnesium-rare earth alloy plastic deformation technology.
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