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O vl S (<lpm) M5 (1-10 pm) MREE-AR SRS S, B TRIESEMPTE (ECAP) NLE
] 25 R 200 VR o 2 40 4 J R D T 10 5 00 DL R 4 Mg-Bi 35 &5 &1 3 IR IR B ME AR T M, AR 7R 40 Mg-6Bi &4
R SRR SEATE UTF-ECAP) £HR, SEILT 414 Mg-6Bi & & HIKIR (<100 °C) LB L.
OMAL G F7 2 ERER S LW, 418 Mg-6Bi & & 7E L 1B K ITF-ECAP N i, DRSeritieh & fab kA s s &,
[RIE KRRk % MgsBio M . 4 3K ITF-ECAP Il TJ5, Mg-6Bi &4 7 BTN (AGS) £1°4 600 nm
B2 DX R AGS 2979 2 pm P2 & DX 4] P PR - A VR o 225 ), FLE A 5 DX AR 0 B0 i 72.5% 0 VA BT 4 SR A S A

hrktiamd 535 BT EAGIE FE IS 5, -A1R S 45 Mg-6Bi & & 3B LR SR AR, L AR i 5 R ZE A R 4333 31

315.6+3.6 MPa 5 22.3+1.0 %.
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NERS:

o

v R W Bk B e MR ST R B
AR R A D DA SR BE YR A S e i e % AN T T
PRI SEHERERRRE, FESEBUNT IR . BB % L.

A2 I8 T H AR AU O B 5 R bR A A T T A B T

A ARG S, A4 R 2 HE S w B A
BB, BN BRI R 2 —. B,
AT SR A e o) M RE e B S e T TR L A Hh B T
It PR — > VR

N AN TR B & B AR, B
R A 25 M MRS, I VR BRI IR T 1 S5 A A 3
(ECAP) 25 K¥B VAR I N LAHZELE Cul®l, Til"), Al-Mg!®!
L BRI T B (<1 pm) FRCK %40
f (1-10 pm) R4 R 20 5520 VR i 454 (TR -
VR ARG o IZEE M R AR B3 S AR A E T R I
AT 7843 ) 20 DR & X 2 TR AR A AR T P2 A 1
277, WO i X T B 22 A AR TN 4R TH AR R AL RS BE T,
BETTHE SR S 454 < SR AT eHn AL Re o A28k, Ty
MORHE E R I TERE, TR @ ADRL o B A1 B e DA AR
MRS . SR, SiE-40R MR G 4T DUE TR

ks AER:

I ECAP M LHIFSANE, 52 T8 & S5 2 MR T
PERE, HAELLEMRIR (<200 °C) 41F F#E{T ECAP Jii
TV, T R A AR R HET 208 IR ECAP LR, FEs
e PR G R, T VR it 225 A 5 A 4 T A s DXORIDHE i X
(15 b RSF 2 I7E 1-15 pm A1 15-100 pm G, 7
BOE S IR S & TR A AR B A 2~
2 %120, AV RETE R4l R A SR IR SRS, RER
PRI oA AR A RO,

NFESY RAERIR ECAP 553 14 AT (1) SR 40 1678 7
PAYEBE B HoAr 4 v 5] N HE-4TVE i 25 40, FH 4K it in 8
VALNST'S =R/ 3 LRI iR o RSB s N A R
FM LRI ECAP N L. {HAHR A4 Bh T 2380 71%
I ECAP M LHSK M L EME M. B REINZE, 4
HITIK 8 B A 4R B T 2 AR ECAP Jin T A PR T4tk
4161 FE ARG ) AZ31 & &Ll R Mg-Li &4

(HCP #f1 BCC #2115 50%) 81, R iRy
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DY 5 i 5 S A R IR A B A R, R
ECAP N T/EAN S G &P ol NRERIBHIFR, 256
RAEE A BURIN & & AR 4 A ARSI, S
DR S A5 A B B S I T s 1 4%

Mg-Bi Z& & F BA R IR UTERE SR, R
AL JRAL P AR LA R E PR I MgsBia AHCH #2821 °C)
T 328 51 S [ PN AN 0 R B A 19-220, ARk, — RS
B ] B R Meg-Bi SE A &2 s
SRFIPERE HI4H 5 Mg-Bi JE & 42124200 K s v 1 HL
AMEIR AR 0 T 1 Mg-Bi 2 & &P UMk . E
RIS M e nTARIR AR T I T T, H AR E ST R 5 BT
(NIMS) FIHF 5T FIBASEIL T Mg-2.5Bi (wt.%) & & 1%
I (110~140°C) HEM T2, Bl & g (1.2~
3.0 um)OMg-2.5Bi(wt.%) & & FE IR &4 T 2 170 %
(R A 2R AN S R R 48 AR T2 e g, R I JURe IR
TR ABIBIERE ). B PR AR S S g H- K 28T 5% ]
AR A TAERIHBSEEL T Mg-3Bi (wt.%) & 4 KR 4L
T, AT, Mg-Bi B&&ERREMNN T HHEE
Kig 71, AEAMRIEFM TR ZEX ECAP i,

F TR ECAP I TH ATEH % 8 -4 f 4504 4
JEM R TH 1) LK 77 K 4 Mg-Bi A & 57 KR 28
PEAS AL RE, AT BT SRR 2008 9 um (1948
i Mg-6Bi (wt.%) & &H EIRME NN T X %, 22380
HAETAMINBER AN B0 54 T AT 218 A%
I4 ECAP N T, MMTEEEE & s BA KE@A R
RN SR A LR R AB- AR S B A 4, BN
R EE A S R TR T R T REHT IR IR 45

1 SLWAHE

KAAE KT 99.95 wt.%[4l Mg A4l Bi MEE,
£ SFe 5 COL IR A ALY N SG-5-10 BF At
B HEAT H R, I IRIRE N 760 °C, fip4l Mg )4k Ja
A4l Bi, BGERHRESAIEERE 15min, BREEHEE
WEEFEZ 720 °C, AR5 H8E B THE 200 °CHIEJRHLA
o, HIR RS A @62 mmx180 mm & & 554 K HUK
A8 7Ok (ICP, Opfima 7300V) il & 13 Mg-
6Bi (wt.%) FHHE I SERR 5 N Mg-5.98Bi (wt.%, T3
fEFK B6) o FEETE 460 °C TR 5 h, SRJE K ALFEIRIT
EESGamEl, £ E DENIN LK @59 mmx150 mm
FRRLHEAT #BE N T, $F ik B 320 °C Y HRHE 9.5
m/min. FEL 25: 1, &&H1F @12 mm FHEM .

MEERE EVIEIEZ AN 12mm. KN 70 mm [
KA T W E %S A AF K (ITF-ECAP) JinT.. ITF-
ECAP HH N E M @ = 12001 ¥ = 60°, WK 1a
FiR, HBIERB R ELN 0.7, & MBI TR

W, T SRR B A R AR R S R AR T AAAE
NEAR B B SRR TR MAB AL ITF-
ECAP il T/ KRR (25°C) HEHRAIN#AE] 320 °CHJ
ECAP #EE A, 430 Tid 2 sp o B R 46 46 T 0k
B, SRR AR . KA Be #4245 mm/s (1
R EAT 4 SR ITF-ECAP L, 3KME 7 RMFRE%
WA, W 1b B . FEIEIR ITF-ECAP Ji L5 FH #k

R I R AR IR, TS L SERRIRLE 7 A £E 50 ~ 80 °C

Z 18], YA IE X —FFR I ITF-ECAP N Tid#%, ALl
BRI SIS i Mg-Bi £5 54 IR (<100 °C) 5RIE
BN T 33— 5 BIFE L — 18 K 5 DU X ITF-ECAP
0T 5 BORE bS5 A ) BOAS O 1 emx]
cmx1 em MR ST INARE, 2R ARTIES 5K R H
B2 N 3 ums 1 pm A1 0.5 um AIERIA B BT,
B 10 mL FEfR. 4.2 g ¥IRER. 70 mL B & 10 mL Z1#
TR BRI kAT IR AR B S5, SR Quanta-450 244
S (SEMD BTSN EE . T o 2 20 52
iR, RFABLIENG A S P ERURST, #id Image
J A IS A S T 45 0 X 3 5 A AT H AR AR R AR
EL NUHEBANE 45 R B6 G &1 RERR AT, ik
X2 D38 IR ITF-ECAP I T )5 B4 & A 4wl 77 A1 )
IXbREE RS AR 4.5 mm, 5% 3.6 mm, K 10 mm IR
PRIXFEE WDW-300D AU fohLz il H 7 75 R ke L b ik
AT EWRPAN LY, JLFANHE N 0.3 mm/min, BFH
BRI 3 ~ 5 ANMkE, BCPIIME. iR & 251
B6 A &R WIMEHLEL, 7£ @62 mmx180 mm & & #44E
1/2 ALV v BET7 1) DIHUAE [F) RS (4.5 mmx3.6 mmx 10
mm) PEESHMIREE, TEAH RS R AT R AR SR8, B
Xof E A AT

plunger at 320 °C a b

0°C

25°C tensile samples position

microstructural samples position

Bl 1 SR RE 7 %45 55 I (ITF-ECAP) I T B BURE A B i I«
(a) ITF-ECAP JNT; (b) 4 &K ITF-ECAP I LJ5 B6 iR
FE R IUREAL B
Fig.1 Schematic diagram of inverse temperature field equal channel

angular pressing (ITF-ECAP) processing and sampling position:
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(a) ITF-ECAP processing; (b) B6 specimen processed by 4-pass
ITF-ECAP and sampling position
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2.1 BILAL SR
FEZ B6 & EK SEM RS K 2 Fis,

MHATCLE HE RS B6 & & HAM/NIMRHL, H
SERIERRGT (AGS) 208 9um. tbAh, AEfE A
KEKFRFNRRTIOK A 558 AT 7 17 30
HAKERSFEEN 1 ~20 pm. K 2b Frsi s 2 K
HIEA R B EAOK RUEE 4l /M A, RS BEIE 50
~250 nm. MRIEATHAE T HEDS B6 & &AL 2 7 45
SRELSY, LR IO 55 — A0 MgsBix AH

et

______

A

Submicron Mg3Bi>

3 um

B 2 $5E4 B6 641 SEM 4K

Fig.2 SEM image of extruded B6 alloy
iR g B6 A4 %4t 1 IR ITF-ECAP I TLJ5H)
AR W B 3a-c fion, 43 1 1EIK ITF-ECAP i T,
M B6 B KA T s, Ba MG
LB 20 13.8 %, H P45 dn B 2 H I dn R 4]
Hemiat. M 3¢ Rl LLEH, R4Sk AGS 4
49300 nm, EBERHCKE R (Bl 3¢ 1 EBRTEHEL X
BT ). BeAk, Gid 1 K ITF-ECAP Il TG WK 2%
Mg;Bix HT B E B H RS TR R E W 2, LR

forx™ 725 %

I TF-ECHP-4P

YN 2.3 %, UiBH ITF-ECAP N Lid it — 2 kAT
Mg;Bir AHFI & HT H o X B & T B6 & & HRHE ITF-
ECAP i Tid#Erd, A (50 ~ 80 °C) MR THEiR
(300 °C), XJA Bi 763 BV FE 0 5 35 BRI, M
AVERITR, Bk holE i A BR [EA FE I 2 Bi Jn K o Ik
RAPYTTENT . 1 3K ITF-ECAP N LJG, B6 &4+
MFEALREREZEAR TR 2 MER: (1) 54858
B KSR MgsBia BT HA X I 45 i fohD A 3 1 5590
ETHLRLRBA, AT R P45 S R o (2) Bk
FIYE N TR (~80°C) & SEUEL MK KL
P R AL NN TR 4, 1T A AT DA 1) P65 o o R
_L/(j([%]o
H— 1% Be AT 4 IR ITF-ECAP N 1LJ5
AT ZH 2 3d-f flTs, 4 J8IR ITF-ECAP il L J5 F
Shn XL R E R, 20N 72.5 %, I H RS A oL
KRR, H AGS 2154 600 nm (& 3¢ 1 4 [3 TEAE
LIXIATR) . BbAh, KR4 b AGS TR/
N~2.0 um, 5 ITF-ECAP I LAl fIH £ &R (AGS ~9
um) FHEG, REEAN, X TR RN BEE R T IE K 3
Z, RIPRTREAWIG KA, Fambprgigs, K
&5 5 SRR I ORR A X IR P A A E B S 8
B RSFAR N, HE—45, 4 JEIR ITF-ECAP L J5 Wik
5& MgsBi, B HHARM RS G B AR 4k, (HEEH BN E,
HAAFBELIN 5.2 %o XK MgsBiy #H7E i A
i P8I A) A0 A, — 7 T P LA SEE S B P 485 o o R PR o 5
T BN M A K, I {2 148 68 - 4 VS o 2L 2 PR T J B4
A—JiH, HEAEN SR BRSO 48 sh i TH A £
AR TEA /3126300,
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B 3 {fiE ITF-ECAP Il )5 B6 441 SEM B4 (a-c) 11EWK; (d-f) 418X

Fig.3 SEM image of B6 alloy processed by low temperature ITF-ECAP processing: (a-c) 1 pass; (d-f) 4 passes

2.2 IR AL B6 SRR IERE R H B LI IE

Bl 4 B 4 TE KR ITF-ECAP L. B6 &4
g =R R 2R, 575 Bo A & E IRBREE (TYS)
AMEKZ (EL) 43514 9045 MPa 1 3.840.3 %, i 4 i&
X ITF-ECAP N T J58-4E s 458 B6 &4 TYS Al
EL 7358 315.6+3.6 MPa Fl1 22.3+1.0 %. £ 1 5H T4
il CARIE Mg-Bi F:5 4 /12 e . B FUdEE 4 IR
ITF-ECAP 0 T4 ) B A 8- 4R M A1 Bo & &3
ELAR S i B R YE M, JFL e e R i e 6 85 (2 v T
Br A0 B6 574 (TYS 189.0 MPa, EL19.0%) 21,
AR, ERAR LA AN % 1 i 5 T e v )R A Mig-5Bi-5Sn-
IMn (BTM551) 44> (TYS 446.0 MPa, EL 13.2 %) B4,
EHIEM R EE ST BIMS51 &4 . 1] W, H-20E 54
MG AR EE AN BRI P R B R AR . Rl
X H AR A LI AT 04T

400 F
« 300}
=W
= —— as-4-pass ITF-ECAP
% 200 —— as-cast
Z

0 5 10 15 20 25
Strain/%
4 B6 &< FEiRANLR TR J7-RAE ih 28
Fig.4 Tensile engineering stress-strain curves of as-cast and 4-pass ITP-
ECAP processed B6 alloys at room temperature
%1 Mg-Bi &% N AT I

Table 1 Comparison of mechanical properties of Mg-Bi based alloys

Material TYS/MPa EL/% Ref.
Mg-6Bi, E, ITF-ECAP  315.6+3.6  22.3+1.0  This study
Mg-6Bi, C 90+5 3.840.3  This study
Mg-6Bi, E 18943 1942 [21]
Mg-6Bi-3Al-1Zn, E 282+32 152%+04 [24]
Mg-7Bi-1Al-1Zn, E 244 14 [35]
Mg-8Bi-1Al-1Zn, E 291+1 14.6+0.5 [26]
Mg-1.3Bi-0.7Ca, E 13543 4342 [30]

Mg-5Bi-5Sn-1Mn, E 446.0 13.2 [34]

EB-ANIR S EE ) B A RPN M JE AR R, AR
P HBWORALRE R, ATHR TR B, HAN
FHEAN A X AGS N~ 0.60 um, ZHE X AGS N~ 2.0 um

(J& 31D, #R4E Hall-Petch A3, X272 3R R bl 5 56
WRR . Hik, &4 KETMKHE Mg:Bix M7EH 4
BIo oRE s A, n] DU AR ORI TUE SR A R P g —
A, B TEE-4HIR A B6 G e AR IR R I AR T S
T, HORFL AR 2 E KERAR AT, W]
LR E—EmWAIER . &a, BT PR R~ 0.60 um
(PIRB AN SR 2H 235~ 3 SR RS R~ 2.0 um 40 ER X 2
[ ER AR R A TR RE I AN S, AT BT By 5Ak
RO, IX A R T 5 EE 4 B

YT BABIELSHPISTES B6 &4, HEARE

AJ E B IR 436l

Oy = Oy cast T forRxA0y prY T+ funprx A0y unpRX (1)
Horb, 0y can RFEZES B6 B3 IR IRGEZ (90 MPa),
Aoy, prx 1 A0y,unprx 73 7483 DRXed Fl unDRXed [X 15,5
HH TYS ¥E, forx F funprx (forx = 72.5 %) 43 5l 2
DRXed fll unDRXed [X AR 7 4. DRXed Al unDRXed
X 3k Py 5 B2 TR TT LA 4 Sl o B R 3430,

Aoy pry = Aoy + Mppy (ATs + ATy, + ATy) 2)

A0y ynprx = D0gp + Mypnprx (ATs + ATy, + ATy) (3)
Ho, Aog Fon fn SR T R R 1Y &, Ao, Ag, F Azq
3 MR RE R . DTUE SRR AL B B AT 5] S I 57
BN 77 (CRSS) [ BTk - MBI Z2 80 Rl A B 2.5841,
UeAh, [EE SR TTRRE B, BB TG 5 LT
HAWLS, T H, T 4 EIR ITF-ECAP I L5 45
i LU Ry H DRX X8 7 4 2 34360, A 50 (2) F (3)
A MEON

Aady prx = Adgp prx + MprxATy 4
Ao-y,unDRX = Ao-gb,unDRX + Mynprx (ATp + Aty) (5)
fm SRR TYS B TTwk A Ui BU R A5
Aoy, = kd™/? (6)

Ho kA1 d 5y 5278 Hall-Petch R30S RR ~f. 3T
CARIE, kEHAN 120~170 MPa um'?, AW F T4
SRR ST BN, kA EEEUE N 125 MPa pum'20371, iR
A X 5 4 i X 1) AGS 435X 600 nm A1 2.0 pm, Ktk
HEAZH] TYS K& Aogspry 2149 161.3 MPa, 40ghupry
Z]4 88.4 MPa.
X U vE SR AR A ) B T A2 1) CRSS (A1), ]
18 SRy 3436],
At

1

_ Gb
P 2mV1—v a(\/%
Hr G. b v 3 RlRRBIYIEE (13 GPa). fHIRKE
(0.32nm) FARALL (0.35), £ MgsBiy B7 HiAH )4 FR

5% (52%). Bebb, d = \Edﬂﬂ Mg:Bi, §7 0% 2%

Ind (7)




°x- Wity El@pRLS TR

Fx B

SERIRSE, dy AT APPSR S (50 ~200nm) . ASHF
Fr R HE 125 nm, RIFEAX (D HEBE] 47,5
16.1 MPa,
dbAh, ArEEsE A AT DUR T T R 06 R R R R B4,

Aty = aGb.[p (8)
Horba 1 p 5 RIFRHE L (0.2) MAASHE ., (EomyrE
B FEF, p WASEEAN 10 ~ 10 m2, Kk, A
WFFE R A B A Pl 101 m 204, $Ek, ATRAHHE Y 41,
(RN 26.3 MPa. MM, AILATFE H Aoy, pry=161.3 MPa
+2.5X16.1 MPa=201.6 MPa: A0, ,nprx=88.4 MPa+2.5
X (16.1 MPa+26.3 MPa) =194.3 MPa, fA N F| A = (1)
BEAT B R 5, 45 g, =90 MPa+72.5 % X 201.6
MPa+27.5 %X 194.3 MPa=289.6 MPa. & {ENg/NT52
BAE, X FTREVEEE T 208 T AV o 45 48 1T N T 5
AL RIB43,

HEERNAE, 4 B ITF-ECAP I T4 1 w58

fE B6 A& RN R BME., XFERB T A L
A4 iR A AU /N (<2 pm), FERARAS R
LA A I R PR B, [ HAR G RAERN 5, X
A2 FH T SR AR T J R ok 2 [ B A 8 e A AR B A e
3030 eAh, CAERIRT T CAIESE, BEE SRR
N, AT CRSS SR HERE CRSS K& m]
DA BRAR, DRI AE LA B 40 2E 21 X 3 mT A A
TE RS DLIE NN AR 3 IR0, B E AR AR I N, 4
T i X E T 48 FE AR R A BR 5 3P S AL 2 TR
Jei s I AR 4 A DX S P A o DXL AT B R A e i A7 e
71, fESHB-HIR G4 B6 A4l LUK ZE KB AR
[6.26341, M IR > HAR e (1) SR BB ME VT T

3 it

(1) WEEHERMEFE (TF-ECAP) A LLSZHL4H &
B6 A& MR (<100 C) ZEWRRBHAR, E&4
FHOFA BT HE A A A 2E R R 4T 4 2 R - TR B
¥

(2) 4 7&K ITF-ECAP Il LJ5, B6 &&H MK 1 H-F1
BiRLRSF R~ 600 nm (1A & [X 551 35 doks )RS SR~ 2.0
wm (R4 5 XA R PR B -4TVR fm 2 2, LR A X AR AR
15 21~72.5%.

(3) HHT-A il POUE A ALET R A A B )58
ILFIFEF 45 R, H-AIVR 450 B6 A&t Lk )
R RE AN IB M, L IR 9 BE AN A A 22 W] DL 4y )k B
315.6+3.6 MPa 1 22.3+1.0 %.
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Construction of bimodal-grained Mg-Bi alloy composed of ultrafine grains and fine grains
and its strengthening and toughening mechanisms
Meng Shuaiju->?, Song Jinlong', Chen Keyi'!, Cui Min*, Wang Lidong', Bi Guangli', Cao Chi?, Yang Guirong'
(1 State Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals, Lanzhou University of Technology, Lanzhou 730050,
China)
(2 Wenzhou Engineering Institute of Pump and Valve, Lanzhou University of Technology, Wenzhou 325000, China)
(3 CITIC Dicastal Co., Ltd., Qinhuangdao 066011, China)
(4 Research Institute of Reliability of High-end Equipment Materials, Shandong jianzhu University, Jinan 250101, China)

Abstract: Low-temperature equal channel angular pressing (ECAP) processing technology has great potential in fabricating bimodal-grained alloys
composed of ultrafine grains and fine grains. Besides, fine grain Mg-Bi based alloys demonstrate excellent low temperature plastic deformation
performance. Based on this, a new inverse temperature field ECAP (ITF-ECAP) processing method was developed to realize the severe plastic
processing of a fine grained Mg-6Bi (B6) alloy at low temperature (<100 ‘C) to construct a bimodal-grained microstructure composed of ultrafine
(<1 um) and fine grains (1-10 pm). The microstructure and mechanical properties characterization results show that dynamic recrystallization
preferentially occurred at the initial grain boundaries of the fine-grained B6 alloy during the multi pass ITF-ECAP processing. Besides a large amount
of submicron sized Mg3Bi2 phase precipitated during ITF-ECAP processing. As a result, bimodal-grained microstructure consisting of ultrafine grains
with an average grain size (AGS) of about 600 nm and fine grain region with an AGS of about 2 um was successfully constructed in B6 alloy through
4-pass ITF-ECAP processing. The volume fraction of the ultrafine grain region accounts for about 72.5 %. Due to the combined effects of grain-
boundary strengthening, precipitation strengthening, dislocation strengthening, and back stress strengthening, the bimodal-grained B6 alloy exhibits
excellent strength and ductility, with yield strength and elongation reaching 315.6+3.6 MPa and 22.3+1.0 %, respectively.
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