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Plunger at 320 °C a b

Position of microstructureal samples

P10 3 A0 A 55 (ITF-ECAP) I L B R B R
Fig.1 Schematic diagrams of ITF-ECAP processing (a) and B6 speci-
men processed by 4-pass ITF-ECAP and sampling position (b)
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B IR B6 &4 oRHK SEM B 2L 240 B 2 firows , A
] LA B RS B & & H A /MR, T
fn R ST (AGSYZ1IN 9 ume Bh4h, & &3 A KEK
ZORFNE IR TIOK 2% (1 6028 MU 57 6 7m0 A, He K
FERSFIE N 1~20 pme B 2b o A 4 R B it
K8 K RBE B 4t /s A A, RS 38 BBLAE 50~
250 nm. AR FTHIOC T 5 R B6 & & 4L 20t 71 45
SR X BETOR AN AR 35 — AR5 Mg, Bi, A

RN EE B6 A 4 40d 1 TE IR ITF-ECAP Il T J5 5
WA 240 Kl 3a~3¢ i, &3 1 X ITF-ECAP I 1., 4H
bn B6 G KA T R4 Bh A TG b, A A XU L
1298 13.8%, B 25 f 0 B 2 H IL7E 20 i PR BT 46
pm At MBI 3c H R DLE Y, 45 & BRI AGS 20K
300 nm , 12 K G B 3e H 6 3 ]2 AE 25 X 335 B
R AN, 23t 138 R ITF-ECAP I T 3 4k K 2%
Mg, Bi, T tH AH 1 B R B R A HORL B 35 31 2, HARAR 4y
B2 2.3%, B ITF-ECAP N ik fE b it —b kAT
Mg Bi, IS & AT H . X EEZ BT B6 & &k
ITF-ECAP Il Tk B2 b, 3 & (50~80 "COAIS T % s It JiE
(300 °C), X 5. Bi 76 3 R[] 5 P52 A9 4 3 PR Y, 76 AR/
R, AR o o 40 PR 345 B2 )ik 22 Bi o 3 o IR R
DUUEATH o 1 IEIR ITF-ECAP I L )5 , B6 & 4 HI 40 &
HEUMTE R ZVHE T AR 2 AR R - (D & sk 1)
K& Mg, Bi, 1 HH A X P 45 i it LA 32 35 1R 55 A 6T L%
JREB2T, AT A A ) P 5 et R K s (2D U ) 2 4t
TN BE (2980 C) 2> U 45 df i i K R 72 P 75 1Y)
REE AL RIAN 78 43, adE Tt ) DA P 485 i ok PR

Ht— 032 I Be A2 3T 48 X ITF-ECAP I L J5 1)
RO 2H 2340 B 3d~3F FT 7, 4 38 UK ITF-ECAP Jin T Ji5 Fi 45
i X35 EU A3 3 3 1 K, 2058 72.5%, F HLFER 5 iR K
ANHA ., H AGS 2554 600 nm (& 3¢ H 3 (a5 JEHELZR [X 35
FioR) o BeAb, KEE 5 oK 15 45 i & kL 1R AGS I8/ S 2
2.0 um, 5 ITF-ECAP Il TR 5 £ & EHAGS £ 9 pm)

AGS~9 pm
—
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Extrusiondirection’
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AL, Ak, X R B RN B IR IE R £, R
THAR T B AN K, T4 LA (R 1 22 , R P45 o
B RHS 7r X SR T 4 i AH A B 53 & TR
INo 35,4 IR ITF-ECAP N T J5 ik 3 Mg, Bi, #r
HAR RS TE B ARk (B AR B B 2, AR 4
N5.2%. XL K Mg, Bi, H7E 5 S A0 5 N 24 50 40 A
— 7 T A] LAIE Ik B 9 P G R R I S B A R
FAK K, AT (I 32 68 - TV s AL R PR R s S — 5 T,
5 0l E N i Ak AH B S AL B 12 sh R T A & AR
ﬁjj[zﬁ,w]c
3.2 B-EMLEMBo &SR MM RE R EEFLHLF]
4 N5 A 438 AR ITF-ECAP i T. B6 & 411
S = I R A 2R, B5 25 B6 A &I ISR (TY'S) Al {e
KF(EL) 73 5 9(90+5) MPa F1(3.8+0.3)%, 1] 4 & {X ITF-
ECAP /Il L Ji5 2 -4H VB & 25 74 B6 & 411 TYS A EL 4333l
H(315.6+3.6) MPa f1(22.3+1.0)%. # 174 7 4B Sk
T8 Mg-Bi 54 410 )15k Rk . AW 72 i@ ik 4 18 I 1TF-
ECAP Jin I il %% 1) 2L A 2 -4 VR & 45 04 1) B6 A &3 2L AR
S 1) 5 P AR M, L e Il i R S 28 ) (B 25 o T4 IR
Y5 B6 A4 (TYS 189.0 MPa, EL 19.0%)21, b4k, &
SR L8 B I 2 i 5 FE B e R VR b Mg-5Bi-5Sn-1Mn
(BTM551) 44 (TYS 446.0 MPa, EL 13.2%)%, {H H E
R m T BTMSS1 & 4. ] UL, 88407 &l 45 1 5 85
B nm AR VE P R A AR .
- S 25 A B6 & 4 I A 5 1 i AR B L R
P FCRO A 25 55, FTUA R FPA R R R s i o, A 4
AR X AGS 2928 0.60 pm , 41 X AGS 2975 2.0 um (&
3d.30), fi2 4 Hall-Petch 24 3%, 1% £ 7= A2 5 20 1) oy S Ak
BOR . IR, A e R E WHCK Mg, Bi, FHTE S 4R 134
SJyRHEI A, BT AP AR SR I DT TE SR A RS 2,
F T 168 - 2T VS s 25 44 BO A 4 1 AR 5 M PR AR T 45 1
%, HoR B b dnbn b 28 K EFR AR A AT, ] LUK %
—EE . Ba, BT PRS2 0.60 pm 18
G dfoRL 2 235 7 35 SR RSE 2928 2.0 um 4 & X 2 (]
TEH AR I FR R AR T R 1A 20, AT 51 B Ak 2L
JNE 3% A A T B IR Y

T//

Submicron Mg,Bi,

2 FEAB6 &< SEM i
Fig.2 SEM images of extruded B6 alloy
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Fig.3 SEM images of B6 alloy processed by low temperature ITF-ECAP processing
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Fig.4 Tensile engineering stress-engineering strain curves of as-cast

and 4-pass ITF-ECAP processed B6 alloys at room temperature

R BT UL 055 FA B 2 LR RS T
LA A

Oy = 0Oys T SorxAc yorx T Juprx A y,unDRX (D

iﬁ T, 0, 8 ¥ 25 B6 A < )z A i il 958 2 (90 MPa) ,
0, o M AT e 73 A8 7 DRXed 1 unDR Xed [X 455 2
EI’J TYS B &, £ Ff e Fops=72-5%) 43 il 7& DRXed A1

unDRXed [X [ FR 43 % . DRXed Al unDRXed [X 15 (1] 58

FETTRA AT BL 3 il v AR
Ao, prx = Aoy, + Mppy (At + Aty + Aty) 2)
AGy orx = MOy, + M ey (AT, + Az, + Azy) 3

A, Ao, R il FIRAL 51 A SR BE I B, Az Az Bl A,
3 5l 3 [ 5K S D R A R T £ BRI 5 RS I 5
YY) 7 (CRSS) [ DTk 4= 81 K -7 (M (4B X 2,58,
A, [ SEAL AL 00 5T kAT R, BBV LT
A ApB, g B, T 4 38 YK ITF-ECAP N T 5 F 45 & B
% i H DRX X7 5 50 b0, A 50O FI () AT LAE
CISF

#=1 Mg-BiEA& & hFMHaExTH

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

Material TYS/MPa EL/% Ref.

Mg-6Bi, extrusion, ITF-ECAP 315.6£3.6 22.3+1.0 This study

Mg-6Bi, as-cast 90+5 3.840.3 This study
Mg-6Bi, extruded 189+3 19+2 [21]
Mg-6Bi-3Al-1Zn, extruded 28243.2 15.2+0.4 [24]
Mg-7Bi-1Al-1Zn, extruded 244 14 [35]
Mg-8Bi-1Al-1Zn, extruded 291+1 14.6+0.5 [26]
Mg-1.3Bi-0.7Ca, extruded 13543 4342 [30]
Mg-5Bi-5Sn-1Mn, extruded 446.0 13.2 [34]
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Ad, prx = A0y prx T Mppx AT, 4)
AGy prx = MOy prx T Mooy (AT, + Aty) (5)
HFBALR TYS B TERAT LTI DL AR5

Mgy = kd® 6

A, kAl d 5y 7R Hall-Petch £ H0R1 Sk R~ . 36T
O RIE , k1N 120~170 MPa-um'", AWF L b T4 4
wm L RSF 3N S k (A BREUE 9 125 MPa-um'*P7, &8 4]
fm X 5 40 5 X 1 AGS 23 EX 600 nm F12.0 pum , K] HE 1154
BEITYS B 5 Aoy, ey 298 161.3 MPa, Ady, ey 299
88.4 MPa.

X T HICTE SR A AR A4 B 2 1T A2 1) CRSS (A7), 7T
.H_ﬁy\j[ﬂ,%]:

A-—CG0 L 4 7
2n 1 — v 7 L b
4

X, Gob iy 23 5l R 7R B U1 & (13 GPa) W IRK &
(0.32 nm) FAFA L (0.35) , £ Mg, Bi, HT H AH 44 A5 43

HCS2%) . b d= |2 d, o MeBi %5

SRS d BT A P2 RS (50~200 nm) o A4S B
FC b BB 125 nm, iRYE A XD AR B A A
16.1 MPa.

UEAh AT R A T LA R T ) 26 R AR R R

Aty = aGbﬁ (8
o, o p 20 5l o 3 B (0.2 AR A 25 5 . {8 Jm ¥ 1k
I FE R, p B SHAE N 10M~10" m?, K, 76 AR 72
G R A AR 10" m B R B, W DA H A BN
26.3 MPa. MM, 7] LTS Aoy py=161.3 MPa+2.5x
16.1 MPa=201.6 MPa; Ac, =884 MPa+2.5x(16.1 MPa
+26.3 MPa)=194.3 MPa. 1R 2 X (D347 H B 1
5,13t 6,790 MPa+72.5%x201.6 MPa+27.5%x194.3 MPa
=289.6 MPa. THHAENE /N T SCIRAE , IX ] REVA [N T 200
TR VE 5 S5 A PR I A A R

AR, 4 B IR ITF-ECAP N T 1) £ f) 5 5
B6 & &b R AL I . X B TR AR X
B4 iR A O/ (<2 pm) , FE R AR AR T 3 A e AT
DAGR 5 AT RV R R RS A AN 5 R AR B B, 12 B
T 98 AR I i R R 2 TR LA 1 AR B 1
JI200 A, CAE RORIETE CLAIE 52, B dokn R ST
/N, FETHH #% (1) CRSS 5 2E [ #% (17 CRSS 19 L 2 m] LA
RUPRAR, DR A LA 7R 20 2 4 X 3 T DA o T i A%
DUIE S 87 A% PR 38 0B il A A8 T A% B (R 14 4488 2
i X H T AT ZEAR R A PR 5 35 A A Ik B AT S
e A0 AR - 445 it DX 35 PP A4 & DX LA B8 K PR 6 4 1 17 i
13 15 40 - 40 VR &b 45 # B6 & 4 ] LA K 2 K I AR
O MR T HAR R (5 2B M T .

4 25 i

1R ¥ 37 %542 /1 55 [ (ITF-ECAP) 1] DL SZHL4H &
B6 & 4 KR (<100 C) ZERBIER Y /£ & &
ISR HH ER R 4 ot 2E RN 2 o 4 4R R -2V S 4

2)4 &R ITF-ECAP Il 1. )5 , B6 & & T ik 1 H1~F
B i R RSH 224 600 nm (1) 41 i X 5 5 3 dfon ]S 24
S 2.0 pum PRI il DXAE) 5 P e -4 VR s 2L 2, LR A s [X A
D HZ115 72.5%.

3) VA AT 40 s A O A O A S A AN TS B 5
AL [/ P 45 3, 8 -V 5 45 44 B6 & & e LA 5 1)
58 FEE AT IE M, JFL T i AR e 2 1) DLy Sl IA 3 (315.6+
3.6) MPa #1(22.3+1.0)%.
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Construction of Bimodal-Grained Microstructure of 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-grained 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 pum). The microstructure and mechanical properties characterization results show that
dynamic recrystallization preferentially occur at the initial grain boundaries of the fine-grained B6 alloy during the multi-pass ITF-ECAP
processing. In addition, a large amount of submicron sized Mg,Bi, phase precipitates 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 pm
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, i.e. yield strength and elongation reach (315.6+3.6) MPa and
(22.3£1.0)%, respectively.
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