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Extreme plastic extensibility and ductility improvement
mechanisms of continuous columnar-grained copper and copper alloys

XIE Jian-xin, WANG Yu, HUANG Hai-you

(Key Laboratory for Advanced Materials Processing, Ministry of Education,
University of Science and Technology Beijing, Beijing 100083, China)

Abstract: The major research advances are recommended that the extreme plastic extensibility of the high performance
continuous columnar-grained (CCG) copper as well as the ductility improvement both of the CCG BFe10—1-1 alloy tube
for heat exchanger and the CCG Cu-12%Al (mass fraction) alloy with high elasticity and high electrical conductivity,
based on the work of the author’s research team over recent years. It is concluded that the highly-textured columnar
grains along the solidification direction (SD), the straight small-angle grain boundaries with low boundary energy, the
high fraction of (001) “soft-oriented” drawn texture component, the dynamic recovery mechanisms and microstructure
evolution of the continuous columnar grains during the extreme plastic deformation, which are significantly different
from the behaviors of the ordinary polycrystal, account for the enhanced ductility and extreme plastic extensibility of the
CCG copper and copper alloys. The relative mechanisms of the extreme plastic extensibility and ductility improvement
for CCG copper and copper alloys are summarized so as to provide theoretical basis and new method for the modification
of the ductility and workability of materials, especially for those brittle and hard-to-work materials.

Key words: continuous columnar grains; extreme plastic extensibility; ductility improvement; deformation mechanism;

texture; grain boundary; microstructure evolution
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Fig.1 Sketch map of anisotropic microstructure of continuous

columnar grains (SD represents solidification direction of CUS)
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Fig.2 d 17.28 mm CCG copper rod ((a), (b))!"? and its product of 4 19.7 pm micro-wire (c)!'”! by extreme plastic deformation at

room temperature without any intermediate annealing treatment
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Fig.3 Property evolution of CCG copper during extreme
plastic deformation!®): (a) Mechanical properties; (b) Electrical

conductivity
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Fig.4 Comparison of yield stress and electrical conductivity

among CCG copper suffered extreme plastic deformation
(CUS+EPD Cu) and nano-twined copper (ED Cu and DPD Cu),
nano-grained copper (DPD+CR Cu), ultra-fine grained Cu
(UFG Cu), annealed polycrystal copper (Cu) and traditional
micro-alloyed (Cu-Cr-X, Cu-Fe-X,

Cu-Ni-Si-X)!" 2

copper alloys
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Table 1 Room-temperature mechanical properties of

BFel0—1-1 alloy fabricated by different casting techniques™!

Foundry technique oy/MPa 0/%

Sand cast 280 20

Centrifugal casting 280 25
Continuous casting 280 25

254 39

Horizontal continuous casting
221 31
Continuous unidirectional solidification =~ 212 49

5 d10 mmX 1.8 mm ELFRAEAIZ BFel0-1-1 5
M EARLL SR B AT R

Fig.5 Microstructure of d 10 mm X 1.8 mm CCG BFel0—-1-1
alloy pipe and its fracture morphology!"™: (a), (a') Longitudinal
and transverse microstructures (Melt temperature: ¢,,=1 250 C,
withdraw speed: v=0.30 mm/s); (b) Fracture morphology (#,,=
1280 C, v=0.15 mm/s)
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Fig.6 Three kinds of microstructures of Cu-12Al alloy™* ?*!: (a) CUS single crystal (SC, sample 1, t,=1 250 ‘C, v=0.15 mmy/s);
(b) CUS single crystal (SC, sample 2, t,,=1 200 ‘C, v=0.25 mm/s); (c) CUS continuous columnar grains (CCG, ¢,=1 120 ‘C, v=0.83

mmy/s); (d) Ordinary polycrystal

R2 Cu-12Al B EIAGVRHIE S % 7 bk AR L 20

Table 2 Microstructure and corresponding mechanical properties of Cu-12Al alloy at room temperature

[24,29-30]

Fabrication condition

Microstructure oy/MPa 0/%
Technique t/C v=/(mms ")
1250 0.15 SC, sample 1 300 19.7
Continuous unidirectional solidification 1200 0.25 SC, sample 2 715 8.7
1120 0.83 CCG 380 28.0
’Hot rollgd at 87 5—690 C, followed })y Ordinary 375 2.9
intermediate annealing, then quenching olvervstal
Conventional cast polyery 330 3.7
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B LUFENIE 6(d)ERAFARTEIT, R & A AR TE
ANV 5 FAE S BT 5 RN 8, AR/ AR T
(2%~4%) T R K B it 0] 07 24 (B b 1 6 5 Sk BT R
AP, LR PR AR . MESARIR G Cu-12A1
BRI LR T, EEM A BRREY,
[RLIRSE: ST =

WAL R I, g (FESD 2). SR ALY
Cu-12A1 B4 1% 5598 B2 73 7 4 413 MPa. 303 MPa,
I8 1 T IS BT B QBe2 442 1(200 MPa);  HAL
HAFRR AL Cu-12A1 A& & ke S QBe2
BT AR .
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Relative diffraction
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Fig.7 Pole figures of as-cast CCG Cu-12Al alloy (SD representing solidification direction of CUS)P™: (a) (1800) ', pole figure;

(b) {040} B, pole figure

8 ESR AL Cu-12A1 A 41 P41 £

Fig.8 Microstructures of CCG Cu-12Al alloy during tension under polarized light (Black arrows represent original grain boundaries
along SD, SD representing solidification direction of CUS and TD represents tensile direction)[3°]: (a) Extension 0%, (b) Extension
15%, (c) Extension 20%; (d) Extension 28%
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Fig.9 Grain boundaries and deformation behaviors of CCG copper during tension (GB represents grain boundary of CCG copper

and SB represents slip band)®>: (a) Morphology of grain boundaries, thin line marks grain boundaries with misorientation angle

smaller than 10°, thick line marks grain boundaries with misorientation angle between 10° and 15°; (b), (c) Microstructure of

rectangular and elliptic regions in (a) after tension, respectively



521 5 10

R, A EGRRIR I ALYV B < R S R AT 5 S SR L 2331

NRBERR SR R EZERR . SR N R, Kb T
I RO T AEAE . 53 22 i AP AN, SR
W HPRRA S Bl A, DS A1 AT Tt g 1)
ISP At DT RS AL A Y O 8 Sl I 52 21
FBLEHERDLF 0%, ATRF B . Wi
I(by~(c) T, HEGHEAR AL A A fr il B, L
T ITAT I R 38 AT AN g T o i SN R
TMANAE i PR R B JERR, B A Y B,
A S B SE k-

UEAL, JESEAIR A AR R v B AT R T AR
e T o ARBE M T AT AT Rl D i S A 2% TG 38 10 i 2R
Sy, BATRGS S AR A S ek, [ R
AR IEE T RE, I RERSHRPLR T TR, 17H
TR R Pl AT AL e i e w4, 3
21, 23 SRR S MG R RS, ISR AE

@
Bl 10 L L A AR i 2 Sl e A el

SR, LAY LU i 5 S o g B iR e 00 AR ANAE
HETERK) Nis Al <) a4 59, G5 e vk ks
1 (> 50%) (RARAE L F, ATk S M0 At 5 5 T
e RPN L, R4S R IL 70%
() E L R AR AR Cu-12A1 & B AE R
I, IR oy B A] el FRIR il FEARELY 5K, AT
Gy SN U EATH AR Ik L S ST
%ﬁ%[m]o

3.3 THRAHMBIEN
Wk 10 Fros, TESEFEIR G20 2 Al e ] 7 ) H
AR PE R (001) KRR o 51T 22 2 2R Al 2k

FAAHEL, w1001y H ) P ARIAT IR i 2 SR Al S i A 4k
Ry 28300 kK BN RS, WE 1@~
FiR o

(b)

Fig.10 Pole figures of CCG copper (Arrow represents solidification direction)!'?: (a) {001} pole figure; (b) {111} pole figure

T (C)“ k;

11 SRR E AR TSR S 2 VT A E 17 43 A1 26 K (0=0°) 1)

Fig.11 ODF (orientation distribution function) of CCG copper suffered room temperature extreme plastic deformation at ¢,=0°"'7):

(a) £=0; (b) e=1.3; (c) £=2.5; (d) £=3.3; (e) e=4.3; () £=9.9
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Fig.12 Ultimate tensile stress both of CCG copper
[43]

U7 and

ordinary polycrystal copper' suffered intense plastic strain
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Fig.13 Microstructure evolution of CCG Cu during extreme plastic deformation (SD represents solidification direction of CUS and
DD represents drawing direction)'™: (a) £=0; (b) £=0.6 and black arrow marks deformation band; (c) ¢=3.2 with fibrous grains;

(d)e=11.1
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Fig.14 TEM microstructures of CCG copper during intense plastic deformation (RD represents rolling direction of wire)>:
(a) DDW (dense dislocation wall) at €=0.3; (b) Micro-twins at e=1.16; (c) Subgrains at &=1.53; (d) LB (lamellar boundary) at £&=3.4



2334 A G A R

2011 4 10 H

B SR AR AT I R T U B T B AR
SE 5 E BAT AR T SO, HC A S I () )5 A
(7] IR ST AR gD« ST ZE 0GR S 2250
ATAZ) s AR ARERREE T, (001) $rdk 22 ZU2H 73 1)
REAR MU K, o N IR (A A 15 1 (111) 2243
FEY 2L (o7 At P B i) EBEATAR 2 4121 55 [001]
B AR H S RV B, ARk =17 B )
TEHIR, AR S AR R L s T B OT3h
MR R, NITPE T A A LA AL L In A
AT IS

g EPTIR, ISR S A AL AT (001)
“CH IR, I HARR R R (111) 22830 R e ]
Zetg, HATBAZPAAR A RO, X N RHIR
MIRLAR S BRAIAAR N T AR AN A AL 4 LA
LRGP SR IBTE o JESAEIR i A IR BU A1 AR T I R
TR IRIEAR R R S TOW A S A TSR AR
o BEAL, HESREAR NG LABEH ) 7 B A AT 5 Fof
I EIE R QR g5 AN B VAT P IR AT R AN A
G AR R 15015 AN T AL 21 AN Ak,
M fE % 7K 28 i S PR AT S B b 2B (R K i B A
B, AEANWIT N T AL P Sl AR T R

4 it

1) FELEE R A UL T 235, WA
AR A L AH AL S IR R AE 5 SURFAE
v Bof 5k 25 9/ A s N ) T T R BT AL 4
PS5 I

2) JELEFEIRAA A I P AL AR ik
JRE AT . E . PRI LA N 7 S 4
AR, ROKPEAR T AR TN i A DR R AR AN B0 8 B A 1
W], ARITHE SRR, ESATIR A 2
A1 77 1) 1R (OO L) i) Al LA vy A ik 22 UL e L 5

SR SUE AR IR AR N )« I TR T i
AR, 001y Hm) M R SRR i A SUA KI5 [001]
FRERA I AR AR B

3) “FEME SRS i S LA RSN 4L
AART SR AR TR s SR AL R s
AEAFHEIR St A AT /N B PR, AR AT R
MR LIS, AL R A TER . S )
b, ARITAREEARTE /N b I BAT BRI S R
(RREAL T, P R0k i SRR 2% 6 25 1) 4 28 55 A
B R SIS AR, I RE S HKET i It
T, AR TR K,

4) WML EML, SERBEPELIEG, L
FER AR AL (001) 87 B 1) 20K 443 RO R %
TR (AT ALY 2R S0, BT (001 “H” X
[ XoF I PRI AER 2 E ARG, DRI, Rtk S AL A R I
H LG 22 SR I RAR R 7K BRI AL
A KL = R A b

5) M &P BRI E R . A
W A S S AR RS G T AR, IESAIR
PRHKAR T AN AL RN 204k, i HL g g 7k g s
PEAR TG R i = R K i A, AE AR A
it v SR & TR AE FR AR T

REFERENCES

[I] OHNO A. Continuous casting of single crystal ingots by the
OCC process[J]. Journal of Metals, 1986, 38(1): 14—-16.

[2] JOHNSON D R, CHEN X F, OLIVER B F, NOEBE R D,
WHITTENBERGER J D. Directional solidification and
mechanical properties of NiAl-NiAlTa alloys[J]. Intermetallics,
1995,3(2): 141-152.

[3] LUAN Q, DUAN Q, WANG X, LIU J, PENG L. Tensile
properties and high temperature creep behavior of microalloyed
Ti-Ti3Al-Nb alloys by directional solidification[J]. Materials
Science and Engineering A, 2010, 527(16/17): 4484-4496.

[4] DRARH, SVENSSON I L. Improvement of tensile properties of
Al-Si alloys through directional solidification[J].
Letters, 2007, 61(2): 392—396.

[S] OKAYASU M, YOSHIE S. Mechanical properties of
Al-Si-13-Ni-1.4-Mg-1.4-Cu-1 alloys produced by the Ohno

continuous

Materials

casting process[J]. Materials Science and
Engineering A, 2010, 527(13/14): 3120-3126.

[6] FUH, ZHANG Z, JIANG Y, XIE J. Improvement of magnetic
properties of an Fe-6.5wt.% Si alloy by directional
solidification[J]. Materials Letters, 2011, 65(9): 1416—1419.

(71 HETe, FHAK, RFR K 98 KRB R AP 0 Lk

SE [] Bt [ A (0], b om0 RE K 2 2 4, 2010, 32(10):
1297-1301.
YUAN Bao-long, WANG Zi-dong, WU Chun-jing, ZHANG
Hong. Preparation of single crystal copper bars with
large-diameter by continuous unidirectional solidification[J].
Journal of University of Science and Technology Beijing, 2010,
32(10): 1297-1301.

(8] Wtdhr, EAK, RER, WIGR, FHE, WEEK. pmet

O i o A e P 22 R A6 (0], B ROREROR 2 2R R, 1998,
20(6): 556—559.
XIE Jian-xin, WANG Zi-dong, WU Chun-jing, HU Han-qi, LI
Jing-yuan, CHANG Guo-wei. Fabrication of unidirectional
fibrous crystal reinforced super high strength steel wire[J].
Journal of University of Science and Technology Beijing, 1998,
20(6): 556—559.

(9]  W@H, £ HAR. WPk e & G 4 n THR[C)/2000
MR S TRFHERECT). Jbat 18 Dk hdt, 2000:



521 5 10

T, A

HEARER SV S & G i S AR AT 5 B PSR L

2335

[10]

[11]

[12]

[13]

[15]

[16]

[17]

[19]

[20]

1319-1324.

XIE Jian-xin, WANG Zi-dong. Fabrication of unidirectional
fibrous crystal reinforced super high strength steel wire[C]//The
New Progress on Material Science and Engineering 2000 (2).
Beijing: Metallurgical Industry Press, 2000: 1319—-1324.

B, RES, AR, BHE SN2 T2 P
[E&F, 98124997.3[P]. 2002—06—26.

XIE Jian-xin, Wu Chun-jing, WANG Zi-dong, LI Jing-yuan. A
high wire. CN,
98124997.3[P]. 2002—06—-26.

R, EAR, kW PR A L T
[&&F), 02116581.5[P]. 2004—08—11.

XIE Jian-xin, WANG Zi-dong, ZHANG Hong. A fabrication
method for ultra-fine oxygen-free copper microwire. CN,
02116581.5[P]. 2004—08—11.

ZHANG H, XIE J, WANG Z. Fabrication of pure copper rods

containing

fabrication method for strength  steel

continuous columnar crystals by continuous
unidirectional solidification technology[J]. Journal of University
of Science and Technology Beijing: Mineral
Materials, 2004, 11(3): 240-244.

HHEE, XIS, iR, BEH. BFelo—1-1 &REHMIES:
SE [ B [ B % L2 R AL Ty A MERE (). A AR, 2010,
46(12): 1549-1556.

GAN Chun-lei, LIU Xue-feng, HUANG Hai-you, XIE Jian-xin.
Fabrication process, microstructure and mechanical properties of
BFel0—1-1 alloy tubes
solidification[J].
1549-1556.
R, AT, kR E AR
R EAENIERE, 2010(5): 58.
XIE Jian-xin, SHI Li-kai.
processing of high performance metallic materials[J]. Materials
China, 2010(5): 58.

i T ) | IO p S o e ey R T TS 2 Nl

D). EAELEERE, 2010,29(11): 1-7.

XIE Jian-xin, Development of compact processes for high

Metallurgy

unidirectional

2010, 46(12):

by continuous
Acta Metallurgica Sinica,

ATt ] 5 42 1 T 0]

Controlled solidification and

efficiency fabrication of hard-to-working metals[J]. Materials
China, 2010, 29(11): 1-7.

XU Z, GUO Z, LIJ. A new method to evaluate the quality of
single crystal Cu by an X-ray diffraction butterfly pattern
method[J] Materials Characterization, 2004, 53(5): 395-402.
k. LT AL S AL LA A IR S [D]. st
JER R, 2003: 70-93.

ZHANG Hong. Fundamental research on fabrication of pure
copper wires containing fibrous crystals[D]. Beijing: University
of Science and Technology Beijing, 2003: 70—93.

WANG Y, HUANG H, XIE J. Extreme plastic extensibility of
columnar-grained copper fabricated by Ohno continuous casting
process[C]/HIRT G, TEKKAYA A E. Proceedings of the 10th
International Conference on Technology of Plasticity. Aachen:
Produced by Verlag Slahleisen GmbH, 2011.

LU L, SHEN Y, CHEN X. Ultrahigh strength and high electrical
conductivity in copper[J]. Science, 2004, 304: 424-426.

ZHANG Y,L1Y S, TAO N R. High strength and high electrical

[21]

[22]

(23]

[25]

[27]

(28]

[31]

conductivity in bulk nanograined Cu embedded with nanoscale
twins[J]. Applied Physics Letters, 2007, 91: 211901.

ASM Metals Handbook. Properties and selection-nonferrous
alloys and special purpose materialsfM]. Materials Park, Ohio:
ASM International, 1991.

DAVIS J R. Copper and copper alloys[M]. Materials Park, Ohio:
ASM International, 2001: 515.

ML, T, AT, KRB —Fh o A 1ES:
SE [0 B ) 4 U7 k. B & R, 200610011120.7[P].
2006—06-28.

LIU Xue-feng, XIE Jian-xin, JI Deng-ping, YU Jun-wu. A
fabrication method for Cu-Al alloy by continuous unidirectional
solidification. CN, 200610011120.7[P]. 2006—06—28.

FAT P, a0 L ugE, W@, KBl B, R

Cu-12%Al B3 75 H £ b (19 3 e 1 5t ] 161 46 0], <) 29I,

2006, 42(12): 1243—1247.

JI Deng-ping, LIU Xue-feng, XIE Jian-xin, YU Jun-wu, LI
Wei-he, RONG Ming-lei. Preparation of Cu-12%Al Al-bronze
wires by continuous unidirectional solidification[J]. Acta
Metallurgica Sinica, 2006, 42(12): 1243—-1247.

A, KT, SR, PR Cu-12%A1 L ELE )
I e KA P B[], A A8 B4R, 2011, 21(1):
171-178.

LIU Jin-ping, LIU Xue-feng, HUANG Hai-you, XIE Jian-xin.
Maximum steady-state drawing velocity of Cu-12%Al wires
during OCC[J]. The Chinese Journal of Nonferrous Metals, 2011,

21(1): 171-178.

B, X, SR, W, T ’%ﬁzﬁ SE [ Bk [
Cu-12%A1 L Rl e ZHZURIERE 5% ) il:)}lﬂbd(

22EA), 2011, 33(5): 593-599.

LIU Jin-ping, LIU Xue-feng, HUANG Hai-you, XIE Jian-xin.
Effects of process parameters on the surface quality,
microstructure and mechanical properties of Cu-12%Al wires
fabricated by continuous unidirectional solidification[J]. Journal
of University of Science and Technology Beijing, 2011, 33(5):
593-599.

TAS H, DLEAEY L, DERUYTTERE A. Stress induced phase
transformations and the shape memory effect in ') Cu-Al
martensite: [ . Crystallographic observations[J]. Zeitschrift Fur
Metallkunde, 1973, 64(12): 855—861.
SERAE . JELEE M Cu-12wt%Al
[D]. dbat: dEntRHEA%:, 2010.

NIE Ming-jun. Fatigue and corrosion properties of Cu-12wt%Al

R 57 L i R

alloy fabricated by continuous unidirectional solidification[D].
Beijing: University of Science and Technology Beijing, 2010.
KHAN A Q, Van der PERRE G, DELAEY L. Stress-induced
phase transformations and enhanced plasticity in copper-
aluminium and copper-aluminium-zinc martensites[J]. Journal of
Materials Science, 1972, 7: 1401-1408.

WANG Y, HUANG H, XIE J. Enhanced room-temperature
tensile  ductility of  columnar-grained  polycrystalline
Cu-12wt.%Al alloy through texture control by Ohno continuous
casting process[J]. Materials Letters, 2011, 65(7): 1123—1126.

HUANG X. Grain orientation effect on microstructure in tensile



2336 P EA SRR 2011 4E 10 J

strained copper[J]. Scripta Materialia, 1998, 38(11): 1697-1703. of columnar-grained polycrystalline copper during intense plastic

[32] HANSEN N, HUANG X. Microstructure and flow stress of deformation process at room temperature[J]. Materials Science
polycrystals and single crystals[J]. Acta Materialia, 1998, 46(5): and Engineering A, 2011, DOI: 10.1016/j.msea.2011.09.105.
1827-1836. [43] WARYOBA D R. Deformation and annealing behavior of

[33] KOCKS U F, CHANDRA H. Slip geometry in partially heavily drawn oxygen free high conductivity copper[D]. Florida:
constrained deformation[J]. Acta Metallurgica, 1982, 30(3): The Florida State University, 2003.

695-709. [44] CHEN J, YAN W, DING R G, FAN X H. Dislocation

[34] HAUSER J J, CHALMERS B. The plastic deformation of boundaries in drawn single crystal copper wires produced by
bicrystals of f.c.c. metals[J]. Acta Metallurgica, 1961, 9(9): Ohno continuous casting[J]. Journal of Materials Science, 2009,
802-818. 44(8): 1909-1917.

[35] GAO K, LIU M, ZOU F, PANG X, XIE J. Characterization of [45] CHEN J, YAN W, LI W, MIAO J A, FAN X H. Texture
microstructure evolution after severe plastic deformation of pure evolution and its simulation of cold drawing copper wires
copper with continuous columnar crystals[J]. Materials Science produced by continuous casting[J]. Transactions of Nonferrous
and Engineering A, 2010, 527(18/19): 4750—4757. Metals Society of China, 2011, 21(1): 152—158.

[36] Fk¥TWE, SHIZHH, £ rfola. Bk SR & SR ARG [46] CHENJ, YAN W, LIU C X, DING R G, FAN X H. Dependence
ATEAT I R[], 48249, 1999, 35(7): 715-720. of texture evolution on initial orientation in drawn single crystal
ZHANG Zhe-feng, HU Yun-ming, WANG Zhong-guang. Effect copper[J]. Materials Characterization, 2011, 62(2): 237-242.
of embedded grain and grain boundary on cyclic deformation [47] Br g, ™ 30, BRARE, BT, SR, wHis. R
behaviors of a copper bicrystal[J]. Acta Metallurgica Sinica, LM AEA PR R A BT R [T). BT & E A RS TR,
1999, 35(7): 715-720. 2007, 36(11): 1896—1900.

[377 CLARK W A, WAGONER R H, SHEN Z Y, LEE T C, CHEN Jian, YAN Wen, CHEN Shao-kai, WANG Xue-yan,
ROBERTSON I M, BIRNBAUM H K. On the criteria for slip PENG Yu-li, FAN Xin-hui. Substructure formed in cold drawn
transmission across interfaces in polycrystals[J]. Scripta processing for single crystal cooper wires[J]. Rare Metal
Metallurgica et Materialia, 1992, 26(2): 203—206. Materials and Engineering, 2007, 36(11): 1896—1900.

[38] ARG, miveEh, AR, BHEH. Al Ah AT A (48] BE g ™ 30 EEHE WES. A e Bk ATy
MM, &)@ 23R, 2008, 44(3): 297-301. SRR A ZUEAD]. P EEEE E, 2007, 37(11): 1444-1454.
ZOU Feng-lei, GAO Ke-wei, ZHU Qi-fang, XIE Jian-xin. CHEN Jian, YAN Wen, WANG Xue-yan, FAN Xin-hui.
Mesomechanical analysis of the tensile deformation of pure Evolution of the microstructure in cold drawn processing for
copper bicrystal[J]. Acta Metallurgica Sinica, 2008, 44(3): single crystal copper wires[J]. Science in China E, 2007, 37(11):
297-301. 1444-1454.

[39] WATANABE T, TSUREKAWA S. Toughening of brittle [49] HUGHES D A, HANSEN N. Microstructure and strength of
materials by grain boundary engineering[J]. Materials Science nickel at large strains[J]. Acta Materialia, 2000, 48(11):
and Engineering A, 2004, 387/389: 447—-455. 2985-3004.

[40] WATANABE T, TSUREKAWA S. The control of brittleness [50] CHEN J, YAN W, FAN X H. 9R structure in drawn industrial
and development of desirable mechanical properties in single crystal copper wires[J]. Transactions of Nonferrous
polycrystalline systems by grain boundary engineering[J]. Acta Metals Society of China, 2009, 19(1): 108—112.

Materialia, 1999, 47(15/16): 4171-4185. [51] LIU Q, HUANG X, LLOYD D J, HANSEN N. Microstructure

[41] MAWARI T, HIRANO T. Effects of unidirectional solidification and strength of commercial purity aluminium (AA 1200)
conditions on the microstructure and tensile properties of cold-rolled to large strains[J]. Acta Materialia, 2002, 50(15):
NizAl[J]. Intermetallics, 1995, 3(1): 23-33. 3789-3802.

[42] WANG Y, HUANG H, XIE J. Texture evolution and flow stress (wE EIF)

HZF BRI 9T

DR, 1958 AFEHAE, L. HEMKILEH 2 RIS 8%, RN T ERA ISR . 1982 4

1 AR IR # B R RO R R ARENE, 1985 45 5 AmLAfsT A HeMk; 1991 4 3 HEH A LRI KA

SRR T2 23R T 2407, 1991 4 4 F & 1995 48 3 H HAZ LK TR I T2 RAEB#. &l

s 1995 4 4 HAFIEAITRHE KT EIRE S EENFM RIS I TR AR T 25 HmrsT, &4/

SERCEZ “9737 vHRITUH 3 1, HABESK . AN YMEDTH 200, SREZKEHEEED T 1 I, AN

—AEA 3 I, AR 2 T, RERFARIRT 200 Riw, HAREZE S . HIEEZKHEAH 45 I, b C3RERL
LRIt 10 K.



