$50% 59 BEERMBIEI1E Vol.50,  No.9
2021 4 9H RARE METAL MATERIALS AND ENGINEERING September 2021

-5 EER T DU A e T RIT A R EA ERE

EeE !, koMY, k!, ExXE HHFL Kk &
(1. B0 THRE2EBE MLE TRE2ERE, YL75 48JH 221018)
2. AR T LN A RA R, L5 4R 221004)
(3. v LRI Ge i I 5 3 R s s, VL5 RN 221004)

W OE: R AEBUE. STUIRIET AR T R I N Sl L A B RI% (expansion non-equal channel angular extrusion,
Exp-NECAE), JETHG 0T, RABUESLL S SR IIEARSE & 7575, B2 B E 1E T T 48RRI 2B AR AT A,
TR TR RO O AL 23RN 77 A ML R IR A A . 45 SRR W, Exp-NECAE LZRA @RI & IR s, R E
FhESE, BB A, Ao v XA X AR AL HATE 3 NARPEB: AR TR R P E AL T 380 A8 1 = ) R R
JPIRA, BB R, SIER RENAR BRI 2.56, BREENSTHEE. 1 36K Exp-NECAE )5, 1E8L-BY-Hrib & i
BIPIRAR RS, VAR ORI RN 12 W, PR BT R T AN oA AR AL, TR 2070y 2.73 pm.
FIRF, MR EMERIRTHRE, SFIYRAEER (HV) 4558 MPa, HifiiffEA 161.2 MPa, MHKEN 13.9%. Wi HJES 1

FERE/NTERKIPE, BB, R T RIEFRIIERTR AL

KRR KA ERIERL AR BUEE; R R
hEESES: TG376; TG146.21 XERFRINAD: A

kil A RE

TEHS: 1002-185X(2021)09-3176-08

VEAE R, T £H 43 42 1 (¥ Ja) 20 9 ek A A v
(severe plastic deformation, SPD) [Al 55 K ) & K 41
L RE I FI XS G @A BEI EOR e AR, & 2 AT R
ML, BOE NSRS . Horb, SRiEIE
M FE (equal channel angular extrusion, ECAE) #}
NN G5 i AARGRER) SPD iR —, BElEH
il £ 2 M PR R A0 < R AL RE, BT B S5 ] R
TGN YRS ER A, MRS RP. (B, ECAE
A5 T A7-AE dfoRL A0 AL R SR A AR PR DY, A 3R 15 AR ) o b
MR, EERRERKS, LrtaERk, 45
MORBAR, AFT TAkAERN, Wik, @) & i
hn T 7 AT B

i AN [R] B A% A 5 %o i 40 A R R ) T 21 22
K, AA1¥ ECAE BT 5L SBIE MM THAR (dn: #L
fily fitk. B, #BiE%) M4a, FTREZFMEAER
AFEAETRNEERILHEAR, AR EIFR T
I WA, W Stolyarov ZPIE 400~450 C X Tk
AT 8 I ECAE+RFLETE (K TF&EHA 35%),
RAF TS A R A B R I i 5 R 1 R A i A 2R
Asgari 5 1VF Al 4F %5 3@ 18 B 17 3L 55 £ 75 (non-equal

rfs HEA: 2020-09-10

channel lateral extrusion, NECLE) St T #5EXN& /&
HHHBEMIREE &K . Ensafi SUVNKIERFIE S
ECAE 54, 4 — M3 BUO6 0 5F [ -1 A 1038 HF 1505
(cyclic extrusion channel angular pressing, CECAP),
I 1 ERSEEIIRAT 7ORRLE E A AZ91 BA
&, JFSCELT MR SR EE . E AT I R 2D 4R .
Sepahi-Boroujeni £ 2 Wit 1 — K 25 0 1 5 £
$r ¥ (expansion equal channel angular pressing,
Exp-ECAE), X AZ80 Bt&&itfT L IRAZR, Wi
VAT B A AR T TE IR 55 T Z S HON AR
S S B I S R . Ik AR PR A R L BUE
5 ECAE M4 &1 E & SPD R, 3R43 1 55l 1)k 41
ma R A, BHR T AR R RS MU A
YUK AR R . BT RN, 5464 ECAE AL,
HEZBRHRBEG®mBE. HINTHREI A, el
FERR S MR RRARIAR L dRL Al . SR B4 SO B R
WA S . TR AR BB 450 55 5 T A T AR
EH, MHAKREETTE K,

AW T T ] BT VI AR T s AL, DL 2 RN AR
E RV ZVBEAR T 9 H bR, 3R H — Fh AR BT ) AR A IE B

E£WE: ExARBHEEFERFIL(51905462); 117534 H IR A 4T _ LT H (BK20201150); {LHE “/NRAA=IE” &2
AR 7R GBI H (GDZB-127)s VLA % %A% H AR R0 71 5 KT H (19KJA140002)

EZEIr:
wxx1985109@sina.com

T, 2, 1985 F4, flid, mIFIR, M TAEZBEYLE TSP, L7 0 221018, HiE: 0516-83105376,

E-mail:



e

ERGRE: B-0-Fo S T LAl AAT Ny R A SR

* 3177«

AT — R B IK A 55 8 O Y R 7% Cexpansion
non-equal channel angular extrusion, Exp-NECAE). LA
IAVE R 0 AV 2B ER AT SR B, BT EAR 0, R
A R T B S S ie 30 ik A 45 & 1 07, WE9e 18-
BB R A A O DAL 2B 8RS PR AR TEAT NI B2 WA, 72 1
FEAil BRI A 1A RO AL 2L 7 2 v e 5 A A
T, DUy v 11 A 4 6 R ) TR A 8 A0 b S
REEARS .

1 Exp-NECAE TZ

1.1 IZEHE

Wt R B, f5 % ECAE Wi, A M
b FRTHT B AT A R 2 R T B R R AR B A
IR AL 28 R A W R AR AR S IR o Dy G K T 270 98 4
AT R A RE N R KR 77, N RRER 1T AR T
FERLAGT ], ASHIE FCAE X% 4t ECAE A5 5L 1838 25 79 (1
N@, IR ) AT R AT A b, B T —Fp
HA Exp-NECAE B4 1.2, HAREIWE 1 fin.

HAK S, Exp-NECAE 1. 2 (48 A #4 & AR
FELLF 2 J7M: (1) IR EREE (HEAEA DY)
LRI — KRR ERE K 2 e (B8N D, A
CSEEL TR, BY . SREAARIE, I HAE S TR
B, AR TN 2R ECAE B K “IE

pl/ e
|
/ Billet
' Transition extrusion channel

/”E%; -

Spherical expansion cavity

Exit channel

K1 Exp-NECAE L2 5 [
Fig.1 Schematic presentation of Exp-NECAE process: (a) three-
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Table 1 Geometrical parameters of Exp-NECAE die

D/(°) wl(°) Diy/mm  L/mm a/(°)
90 43 15 23 18 24

Do/mm
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Fig.2 Load-stroke curves of pure aluminum during a single pass

of Exp-NECAE process
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Fig.3 Comparison between views of the FEM model (a) and the

experimental billet (b) during Exp-NECAE process
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Fig.5 Mean stress distribution during Exp-NECAE processes
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Fig.6 Microstructure of as-received commercially pure aluminum
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Fig.7 Billet processed by Exp-NECAE process before detaching

from the die
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Fig.9 EBSD images of commercially pure aluminum during Exp-NECAE process: (a) corner area, (b) transition area, and (c) extruded area
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Deformation Behavior, Microstructure and Properties of Commercially Pure
Aluminum Under the Coupling Effects of Upsetting-shear-extrusion Process

Wang Xiaoxi', Zhang Xiang >*, Yuan Junchi', Dong Xingbing', Jing Xinyu', Zhang Lei'
(1. School of Mechanical & Electrical Engineering, Xuzhou University of Technology, Xuzhou 221018, China)
(2. Jiangsu XCMG Construction Machinery Research Institute Co., Ltd, Xuzhou 221004, China)

(3. State Key Laboratory of Intelligent Manufacturing of Advanced Construction Machinery, Xuzhou 221004, China)

Abstract: A novel process named expansion non-equal channel angular extrusion (Exp-NECAE) is proposed, which integrates various
deformations including upsetting, shearing and extrusion in a single pass. Based on the theoretical analysis, severe plastic deformation
behavior of commercially pure aluminum under multi-deformation coupling effects was investigated by numerical simulation and
experimental verification, and the evolution of microstructure and mechanical properties of the processed materials was discussed. The
results show that Exp-NECAE process has the advantage of high efficiency compound forming, the billet is extruded continuously, stably
and compatibly, and the deformation process can be classified into three different stages: corner area deformation, transition area
deformation and extruded area deformation. During the process, the processed material is in an ideal three-dimensional compressive stress
state with homogeneous deformation distribution. The accumulative strain is as high as 2.56 after a single pass of extrusion, which is close
to the theoretical calculation. After one pass of Exp-NECAE, under the simple shear strain induced by the coupling effects of upsetting,
shear and extrusion, the grain size of commercially pure aluminum is significantly refined, forming a mixed microstructure dominated by
ultrafine equiaxed grains with an average grain size of around 2.73 um. Moreover, the mechanical properties of the processed material are
significantly improved. The average microhardness (HV) is 558 MPa, and the tensile strength and the elongation can reach up to 161.2
MPa and 13.9%, respectively. A large number of small and deep dimples are observed in the fracture morphology, and the distribution is
relatively uniform, showing a good ductile fracture characteristics.

Key words: expansion non-equal channel angular extrusion (Exp-NECAE); finite element simulation; strain accumulation; grain

refinement; mechanical properties

Corresponding author: Wang Xiaoxi, Ph. D., Associate Professor, School of Mechanical & Electrical Engineering, Xuzhou University of

Technology, Xuzhou 221018, P. R. China, Tel: 0086-516-83105376, E-mail: wxx19851109@sina.com



