#5029 B T M
Volume 29 Number 7

rERERERFR

The Chinese Journal of Nonferrous Metals

2019 4 7 H
July 2019

DOI: 10.19476/j.ysxb.1004.0609.2019.07.03

Tk SR FRIETK L A HTE

BIEEI S SRS

Fuek, ko om, ok

&' emR!, HHR'

(1. M AR WL AR, 480 221018;
2. MER LR FLER TSR, &M 221116;
3. Ein LREAUMES B E X S SR =, 1R 221004)

1 ZE: NIEEES ECAE LB HEBEABIEER, 1—RIH—MEA “BRIVI” Gt H 5 55E E BB M
¥R T 2. RH DEFORM-3D A [ RS Tk 4645 ECAE-SC il it (T #BL, W& @inish. BrEaa.
SERUNAR DA ST 3180 T (R A SRR s 72 AT W01 ECAE-SC L8 bRt Th 52 B Tl 4l 85 = I F 3l YO 228
W, WARMHLGHEATT EBSD /A Al S Ami MK, 45 KW : ECAE-SC AL AMf ARERIR [ 9 T ik I 43 2%
BER IR A B, WRIEEKIEHE MK IR AEBY) . IKAE RS 3 AR E ST, HFEETRIH
“EUB - IR E A T ARk FA 1 IEIK ECAE-SC A8 IR e, PR YT 34 AR B AR B ik 3.07,
WK RETT PR 1 AN ARLPAT DU A e BB X, AR50 R T4kl & =ik 1 Ik ECAE-SC 4%
JEJG, AMESERE. RN FEUTREG MR B K BT R TR, AR R &, P

YR AR R RIESEE, HIE 36.6 HV H9NA 58.7 HV,

KR SFHEREEMTL; BB AR BTN, BRMAHN Jsetkag

NEHS: 1004-0609(2019)-07-1360-07

hE SRS TG376

MEAFRERS: A

IR R R R BT e PR R <5 S A RHR U
THEINETZI R E R . il iR A A R ER S I R
—FEE TR, B AR IR SR RS
T 100~1000 nm FIERCK S LK 100 nm EAF FI445K
me) L B AR 1 70 Ve RE . R4 RO At e A
RFZ A S E B E LR, RIS AT
/AR E5 0 AN =B et 1IN 1 s SRS N K 7/ =3 -
AR TN, B E SRR TR R

&5 W T8 % ff B I (Equal channel angle extrusion,
ECAE)® & —F 1 T 40 B 1) A48 T 114 (1) i 7 Joi] 2 98
A5 (Severe plastic deformation, SPD)/7y%, BfE—
SE S AT T BERE =45 RO BORRIR R 2 T ROK 20K
F, HABHEME R AR R 1
OLT (15 B 2 AR OV AT 88 SRAF IR R AR . TE
R IR . SR, T2 L2 s R

FLIRE A BRE T, 2R REAEST, S8
JERCFRACTS, & RO T A=, sk, B
1EIX ECAE I J5, WA SIMEA =, M
IR E A, BlSRE BOR+af
PR, (1312 T2t — DR AN FH %2 5] 1 BR 1.
I, AR SO BRI 430 i) B AEPIS | N A48 ECAE
T2, IR —FH S &R BT — %18
TEERIL# M1 H7 £ (Equal channel angular extrusion with
spherical cavity, ECAE-SC). X H{ DEFORM-3D £ Rt
B Tk 4li4R =3 ECAE-SC A FR kAT #5540,
VAT o A o 0 e N 71 5 = TNV VA3
PA S-S5 T B oA SRR . FE LI |, PR
T HIEIR ECAE-SC L2 g, WAL HL AT
EBSD 73 B ML G LI, 5 AR A 40 it e 25
BORKITF RS B IR A — T o S

EEWMB : EXKQRFHEEE T H (51401177); YLIME M FAREHEWE S50 H (17KIB430031); 48 TR TR H (KC16SG279, KC16GZ015);

2018 SEFET IR BHIFERBAA “FER TR RO FRIIH

ks HHEA: 2018-07-10; &iTHHA: 2018-11-04

BEEE: E0OR, IR, Bt HEik: 0516-83105376; E-mail: wxx19851109@sina.com



529 BT H

EORR, % TR EIMIE BB f 5 R UE LS KR 1361

1 ECAE-SC TZTH/RIE

ECAE-SC J27E1£4: ECAE T.Z.3:0 B & Bk
M—MH RS A SPD HoR, B EEME 1 frx. %
L ZXH&4: ECAE BLR S5k T R Ao, £ “L”
RUSEE ()3 A7 3BT 3 15— A AR K TR Ll R~ i)
BRIEZE N . IR EOEE N, TEMkIE T P AR
T, ZERBHMRTRAETY). K. $EEZ M
TR, RANKPFBIERSH, FIESCI 73
WM R “— kTR 2R, B8R
MEEGBIEHMAR, FRAE KRR . BT REE
IRHW A T ARFN RS AN R AEAR A, BRI AR LB
RVFIIHTHR T, Wil B 2 8 R LR R
IAVERIAR, HETIRTF A/ INE SR AR S VR

Punch
L

Billet

Ay
Spherical cavity _~~

Bl 1 ECAE-SC LZJEH R
Fig.1 Schematic illustration of ECAE-SC process

2 ECAEE-SC TEZHRTiE#

2.1 EHSHEE

%:-F DEFORM-3D A BRIG/ Mt R W2
A FRJ672% ECAE-SC BT R AT = 4B A .
B R RLE AR T B 45 10 Tk giE5(AL 1100), FRRHR
~F d 15 mmx90 mm, GEREAHEIRQR0 C). A
F ks SCHNIER, FESARIZE A . ECAE-SC 521
WIEN A AT, PEBEEAEN J 15 mm, BREHE
AL EARN d 23 mm, FEIE SN 90°. T W
SIBVERZN, KA B A YA S A S 2 o
STERRHEAT SR, PR ECE N 30000, RS ELE 2
) SR F BT DI RS AY, PERRINHCR 0.12, $XREEN
1 mm/s. RS FEH, B4 B BRI ZLEB AR T 5

W A2 P A EAT BRI 3, AGRIERS S SRS I

22 LTRSS

B 2 M1 3 AR 43908 ECAE-SC L& RSk}
PR AL BB IR B — A ik . R AT LG
BB IR ECAE-SC BT, % A 2810 RS
ALY 3 AH B

1) S BB T BERWIGEM B, fEPSkE )
P IMPERTR, YRORNZHT S @I N B R, SR TT IR
AW FEIEERIE 25, FEBRIE A b R A= TR 5 S 4 B 1)
Ao BB, AR TORI WA RS9 2R 404
R W BBV TERAAE, B R8s 28 BTt
ECAE-SC S EAMAALBRR I 250 it A ks
TR A B IR S, MOEE RS b ik S
LR N BE SR BN A, AR LS ECAE B
Ik “IEX 7,

2) RABIEM BT : B k4k L T, SRR
LG A RLER T B R ERTE R M, TP IR R AR AR FY
AT, BBYERNAS REES DR, IR, BTER
TE225 st VAR T R By, SR Y A T o
FUR I “35 57 AR, BRRlAL T B AR IR = 4]
JPRES, BRASTEEIRIZL, WA RSEE g 1%
B Bkl AR T B RN AL %, AR TR
FRIR e, BrEEM SN, mTF IR S8R 2 [Al47
FEREYE, FEERIMEBRAIE MK, FEERTS
O & BREAEER, REH G I T
g,

3) FETRUE B BEEFE AT, B A
PR RIS WD, 4 @ B B2 PR i BT R B,
WIRGE BB, KEY). K. HFEEZ Y
KMEEE, s gnN 5. BT EEE
TIAWIRAR, 2B B R B i A TR, (R A YRRy
TE— XA E FIEUE, K/ANZH 52.5 kN,

B2 ECAE-SC A& B #5 b 4% 4347 14
Fig.2 Mesh distribution during ECAE-SC process



1362 hEA O RYR

2019427 H

60 |

50

40+

Load/kN

30
I

20 f Il

10k I

0 20 40 60 80 100
Displacement/mm

El3 ECAE-SC L& FHBHEr—Ar i Hhk
Fig.3 Load—displacement curve during ECAE-SC process

23 FHRMTNH

& 4 fii7~ N | 381K ECAE-SC A& )G, e
PORHAIRRL 1) P38 o G THT P 55 38R AR A 2 P o el
Kl 4 TR H, BFPREHRE, MRS A& kA8
DI T RAR AR, R T ™ B e AR LY 5 88
LRI A, HA IR N AR A BN, W
KRR T 1 AN AT DY T 1 v R AR X 3
XA TR f iR, TRz BRI M55 1),
HERE S B HAROK, IORME o3 A i 72 v K AR
W, BEJGRARASE, #HHAKFRE, WEIH
MR 7E LR EZMAFREAERMEEIERT,
A AL el A S N =T il P N 5 = M
77 A R R AERARER T R
WARTERE ST, MR ESERK I 08 m, S AR A
BRI, NAR AT W T3 5]

Effective strain/
(mm-mm-1)

I 5.07
4.45
3.83

3.21
Billet 1 1.

1.97

1.35
b |
0.115
0.115 Min
B 4 ECAE-SC ATV Ja R A &8 Hh Lo AT 55 280 B A% 23 A
= E kL)
Fig. 4

Bottom die

Billet 2

Effective plastic strain distribution contours in
longitudinal direction (pressing direction) of billet processed by

ECAE-SC (billet 1)

itk — B 7 DAL 4L ECAE-SC 28 I 2 R4 v
ARy AR, FESRE O AT B T 3 ATk
W — RVNIREE AT BT, 4R 5 FioR.
MK 5 ATRUE H, BB ECAE-SC & jH, RA
R T KR IB I NS, P8 RN AR A 3.07,
T THFBESAMG T ECAE A EMI(RIEIRMNA R
FIEZN 1.048), ATANMEEIE ] LRI, HRROE
SN AR B R, SR T R T A S AR AR (A X
BAK, NARHSERECN 0.10, RIH RIFIHETL
Bote. X85 1K, Bl ECAE-SC LZ1EXIR
PR RCR I A, I REA R SeE A 5)
PE, RPN ERAR 10 G R ZU SRR AR T T

2
~

2

o] S [\
o :o'—]
/3

Effective strain

NN N o W
SR N

[ Top Bottom Bottom

1 2 3 4 5 6 7 8 910 11
Tracking point

El5 BCAE-SC ZZJ% Pkl v Lo L f) 38 R8N AR 73 A1

Fig. 5§  Effective strain distributions through transverse

direction (cross-section) of billet processed by ECAE-SC

24 FEHN NS

Bl 6 Fion A ECAE-SC Fasg BB Btk H O
BRI PN 0 AT = . i 6 74N, ECAE-SC 48
i fEr, PR AL T EAR B R R PIRAS, B

¢ Mean stress/MPa
C A:-429
£ B:-358
€ C:-284
V= D:-212
E:-140
//_D o @ év F:-67.2

G:5.05

§ ¥ H:77.3

R L o I: 150

Fl P AH . WG J: 222
F e

Bl 6 ECAE-SC ZEEHIF BN 3 o34 =
Fig. 6 Mean stress distribution in processed billet during

ECAE-SC process



294558 7T A

FWER, & T AREREE LA 5 BB SR BT 7 1363

SEILERTCE AL, OB R R BB, TN
IR R & R 2TV AT BI3E T A RIS B B
WIEAT, HIRRHEST K IE S, ST BT RE N
<RIBS N PR AR R T RN IR X2
PR s R AR P R 1A 5y B R SUR R AL RER (K]
FEJHA

3 Tl4h$S ECAE-SC 3 ESLIE

KA YD32G-100 BUPUFEEEML, 7EEHATEH
ECAE-SC #H X Tolk4fif5 1060 #4755 I Bl Bt
AT . A5 S BRI iE R 5 A IR A BR G BEL 1 E 5E
S, BEARN HI13 0. RRIRSF N d 15 mm X
80 mm, FHHIHEEZI A 1 mm/s. ECAE-SC A& JE R, 7E
PORHR AT 0 TE A BEI S) TR IR MoS, TETE I, LA
U/ JEE 5 8 Tt SR IR AN RS20

B 7 Fis A TALZEERRRIAE ECAE-SC HEE A1)
I SEE . i1 7 W LLE Y, ECAE-SC B fH,
T AR RIE R N AR T IS, BRIEHE f Abid U [
W, @BRAERAMEARERLY, W SEANE %
E, FriifmEME R, REDEEILERG. fT ke
S L@ A7 R B, AR BN R T SR s
I S OEAGFEESR, Bk, $HrESLEI T
IR, X5E 2 FrosiA R CEEs RAHY) & .

7 ECAE-SC BLE Tk AR} A2 T s 1
Fig. 7 Appearance of deformation of commercially pure

aluminum billet in ECAE-SC die

Rt IGIE R ECAE-SC T2 A TE AR,
TEHRH [E] BF% 264t T 6k Tl 448 1060 34T 7 118 R E
15 ECAE Z8J, FEXMIRN T2 FHr AR 440

Fig. 8

HBEAT T EBSD 2- A AL pchE A, 45 o i 1 8 R
9 fiR.

Bl 8 AT T AEESTE A R 2644 T 4HZ3% EBSD
afi . B 8 AT LLE Y, JRIGHEASHL K,
ERL RS RN, FEAR R, Wil 8(a)
/Ko {E ECAE-SC L ZRIZIMBIHEEIY). KA AR

B8 AEZMH T TAkgish2H 2% EBSD Sk

EBSD based grain maps of commercially pure

aluminum under different conditions: (a) As received; (b) After

1 pass of ECAE-SC process; (c) After 1 pass of ECAE process



1364 hEA O RYR

201947 A

BEEMEEERT, 1 BXERE, BRGEHKSR
b B ARG HE T 2 2 45°), MR ETE R
T REIEALTFAT R 2HDIR A MIEARA LR, SRk
AT HE BRI, BT E LN
20~40 um, KERACI AR BT P AH LA HU ),
FE X B8 AR T 5 2 (8] 38 53 A7 35 A% 2 MEAMOK 20 1R 48 /)
ki, ikl 8. MMifE4 1| ik ECAE /& )5, H
TR RTER R M b R AR IR DA BT D) B T, AR
VN, HEERARRAYS, BRHLRE—E R
FEMZmi, (HESYIARTEARE AR, HA /e
YIIHs 77 1) B AR K IR K dois, =330 DX Sl AT A7 AR R AR
RRAIBVEARTE 0 SR, B 8(c)FITR

B 9 B A6 2E T Tl alida ki i L 11
SR AR L. FHPE 9 ATLAE H, ECAE-SC 48 JE
JEM B VE RS B B2 G, B S 2AME B )
4 36.6 HV BN % 58.7 HV, AT JRIAH A AL
4t ECAE #¥ &7 mlim T 60.4%H 11.2%. iX&H
T ECAE-SC i, B RAEM: AL & 1A
Wrsgn, AR AERALET R R, FAAEALAE . Ao
R i S AR TR . AR AN WA T B 2N
m B H 2, SRS Eh R T ESMER, ks
BN, R EALEAE & AL A A, i R
IS AU, T 2 I R A e ARl (R R A

70

58.7

N D
(=) (=]
T

Microhardness, HV
i
S

w
(e}

20

1P-ECAE 1P-ECAE-SC

Condition

B9 AR T Lol A R b s -~ 25 kg

Fig. 9 Average values of microhardness recorded on cross-

As received

sectional planes for commercially pure aluminum billet under

different conditions

FRSEIG AR, BT BCAE-SC #EFE f ib
FAAERRIE 2 X — R g i BT, BRI B L 1
AT PR TS, R T BRI M R
MR VB - R, 54548 ECAE A JEAH b, ECAE-SC

TEHRBCRE m, RS ERIZIANTE 7, b
R AL RS0 A ROR 4T -

4 Z5ip

1) ECAE-SC HH AN AL BROIR B 9 P A
e T RE A R s, WRIYE ECAE-SC TLE T
WIS, SIREMKIOR AT KA 5%
3MAETEARMEEGRY, Frhdir £« SR B
g IN-FaE LR MARkESS .

2) ECAE-SC B #E H, #ok} o e A4k T AR
= RN PRAS . 1 R G, RN E
FATERC T 1 AN RCPAT WA ) S R AR X, P35
RUBAR IR 3.07; RERRII F &AL SE RN AR A Z A K,
NASA S ME REA N 0.10, RHH RIFHIA S
P,

3) #iZ ECAE-SC L. Z B A A ML AR
RORFIF RO . T4 R4 = iR 118K ECAE-SC
I JG, WEHSMEEE, RGN TRE, MR
HIL T REBIYI I, SRR AN A1k 12 B R
18 B B i 58.7 HV, LU IR UAH S A AL 4
ECAE HEA&7 ml# i 60.4%H1 11.2%.

REFERENCES

[1] LANGDON T G. Twenty-five years of ultrafine-grained
materials: Achieving exceptional properties through grain
refinement[J]. Acta Materialia, 2013, 61(19): 7035—-7059.

[2] WANG Cheng-peng, LI Fu-guo, CHEN Bo, YUAN
Zhan-wei, LU Hong-ya. Severe plastic deformation
techniques for bulk ultrafine-grained materials[J]. Rare Metal
Materials and Engineering, 2012, 41(6): 941-946.

[3] VALIEV R, LANGDON T G. Principles of equal-channel
angular pressing as a processing tool for grain refinement [J].
Progress in Materials Science, 2006, 51(7): 881-981.

[4] DUANY, TANG L, XU G, DENG Y, YIN Z. Microstructure
and mechanical properties of 7005 aluminum alloy processed
by room temperature ECAP and subsequent annealing[J].
Journal of Alloys and Compounds, 2016, 664: 518—529.

[5] FADAEI A, FARAHAFSHAN F, SEPAHI-BOROUIJENI S.
Spiral equal channel angular extrusion (Sp-ECAE) as a
modified ECAE process[J]. Materials and Design, 2017, 113:
361-368.

[6] KIM K, YOON 1J. Evolution of the microstructure and



529 BT H

FEREE, 55 LAl mEsRIp R i 5 BUE AR LS SEIR T 7T

1365

(7]

(8]

[10]

[11]

mechanical properties of AZ61 alloy processed by half
channel angular extrusion (HCAE), a novel severe plastic
deformation process[J]. Materials Science and Engineering A,
2013, 578: 160—166.

B, B B BETAH RO AT G E HE S
T A B0 BB (D] R HR, 2018, 43(3):
83—88.

DUAN Hong-yan, YANG Meng. Simulation comparison of
parallel double-channel extrusion and single-channel angular
extrusion based on finite element analysis[J]. Forging&
Stamping Technology, 2018, 43(3): 83—88.

B, BRES, Boihl, ARSI, Al-Mg-Mn & & AER
T EA PRI/ H LS imt )], BIERIA, 2016, 41(4):
54-59.

ZHAO lJiong, CHEN En-hou, LI Ke-nan, BING Jian-li.
Finite element simulation and experimental research of alloy
AlI-Mg-Zn by unequal channel angular extrusion[J]. Forging
& Stamping Technology, 2016, 41(4): 54—59.
SEPAHI-BOROUIJENI S, FERESHTEH-SANIEE F. The
influences of the expansion equal channel angular extrusion
operation on the strength and ductility of AZ80 magnesium
alloy[J]. Materials Science and Engineering A, 2015, 636:
249-253.

YOON S C, JEONG H G, LEE S, KIM H S. Analysis of
plastic deformation behavior during back pressure equal
channel angular pressing by the finite element method[J].
Computational Materials Science, 2013: 202-207.

UM, Mrask, xipeme, ¥ f. BRI RO A R
2R HAIE I BCAP AR RN 1A PR TN S SC IR B0 IE )]
FHRLSHR B, 2016, 30(1): 145-149.

JIA Peng-bo, YANG Xi-rong, LIU Xiao-yan, LUO Lei.
Finite element simulation and experimental verification for

the influence of fiction coefficient on one-pass ECAP of

[12]

[13]

[14]

[15]

[16]

commercially pure Zr with different cross sections[J].
Materials Review B, 2016, 30(1): 145-149.

fEE R, RERE, (R, FHH. AZ3 e eFliEeg
MG R S A R ITHr[]. hEA e R 1k,
2011, 21(4): 848—855.

REN Guo-cheng, ZHAO Guo-qun, XU Shu-bo, WANG
Gui-qing. Finite element analysis of homogeneous
deformation of AZ31 magnesium during equal channel
angular pressing process[J]. The Chinese Journal of
Nonferrous Metals, 2011, 21(4): 848—855.

TOLAMINEJAD B, HOSEINI-ATHAR M M. An
investigation of microstructure and mechanical properties
during ECAE of commercially pure aluminum[J]. Materials
Science & Engineering A, 2016, 670: 146—152

T, R, W, ¥R, KR Dakaigs
ECAP BB ARTRA R S IERERT )], M & B eHS T
£, 2018, 47(4): 1124-1129.

JING Fei-fei, YANG Xi-rong, LIU Xiao-yan, LUO Lei, ZHU
Zhen. Effect of one pass ECAP on microstructure and
properties of commercial purity zirconium[J]. Rare Metal
Materials and Engineering, 2018, 47(4): 1124-1129.

LIU X, ZHAO X, YANG X, XIE C. Deformation behavior
and  microstructural  evolution of ultrafine-grained
commercially pure Ti[J]. Advanced Engineering Materials,
2014, 16(4): 371-375.

FERE, X 97, VORI, EAERE, MR B
OB T S %A E R R ()] MR 5 T E,
2018, 26(1): 47-53.

FU Cai-tao, LIU Fang, XU Guang-li, WANG lJia-yuan, HE
Mei-feng. Researches on microstructure, mechanical and
corrosion properties of ultra-fine grained pure aluminum[J].

Materials Science and Technology, 2018, 26(1): 47-53.



1366 o EA 4R AR 2019 47 A

Numerical simulation and experimental investigation of
commercially pure aluminum during equal channel
angular extrusion with spherical cavity

WANG Xiao-xi', ZHANG Xiang®*, ZHANG Lei', JIN Xu-chen', HAN Hao-yuan'

(1. School of Mechanical and Electrical Engineering, Xuzhou University of Technology, Xuzhou 221018, China;
2. School of Mechatronic Engineering, China University of Mining and Technology, Xuzhou 221116, China;
3. State Key Laboratory of Intelligent Manufacturing of Advanced Construction Machinery,

Xuzhou 221004, China)

Abstract: In order to improve the extrusion efficiency and deformation quality of traditional ECAE process, a novel
technique named equal channel angle extrusion with spherical cavity (ECAE-SC) was proposed, which has the
characteristics of “spherical split-flow”. The finite element simulation of commercially pure aluminum during ECAE-SC
process was carried out using DEFORM-3D software. The variation and distribution of metal flow, extrusion load,
equivalent strain and mean stress during ECAE-SC process were investigated. Moreover, commercially pure aluminum
was successfully processed after 1 pass of ECAE-SC at room temperature on the self-designed die with continuous
deformation. The electron back scattered diffraction (EBSD) was used to evaluate the microstructure of commercially
pure aluminum, and microhardness tests were conducted for the processed billet. The results show that the smooth
transition of spherical arc on the outer corner of ECAE-SC die can effectively improve the metal flow at the bottom.
During ECAE-SC process, the billet undergoes shear, expansion and extrusion with continuous deformation when it
passes through the spherical corner, the load presents a characteristic of “sharp increase - slow increase - steady
deformation”. The average equivalent strain reaches up to 3.07 after a single pass of ECAE-SC, a stable strain region
approximately to a parallelogram forms along the length direction, with a reasonable level of strain uniformity. After 1
pass of ECAE-SC, the extruded billet is free of macro crack with intact shape and good surface quality, lots of shear
bands are generated leading to the significant grain refinement and fragmentation. The average value of microhardness is
drastically increased from 36.6 HV to 58.7 HV.

Key words: equal channel angular extrusion with spherical cavity; spherical split-flow; finite element analysis;

deformation behaviors; microstructure; mechanical property
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