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Schematic diagram of directional solidification

1.2 SRR T
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Table 1 Selected as-drawn samples for testing

Diameter/mm Reduction ratio in area/% Drawing strain

11 0 0
9 33 0.40
8 47 0.64
6 70 1.21
3 92 2.60

0.5 99.7 6.18

1.3 ZMByRikm T

T AT B LR e R S A 4 AR A
B, ARSCNESB IR AR . &t EUTEH O
B RE, M. MBS, HUMES, KA 30g
FeCl3+50 mL HCL +40 mL H,O R & AWGHATIE
Tl 7E3EF EC3 RO S AN BB N ERE
PETH M2 KA ZEISS EVO-18 Special
Edition 4493 fo T B AN AN AR I bk . 26 AR
FERLARWT CURSEAT 404 RAIRSI M, TERC&
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2.1 BHERERSHhEMNEE
2.1.1 BIHAHR

KA T 5IER#H% T d 11 mm ) Cu-4%Ag &
SRR, HRMEHWE 2 s, HRHEH S5
MK 3 Fior, &7 SD A B kTR,

B2 TFolEH Cu-d4%Ag & G iR R ES
Fig. 2 Surface morphology of as-cast Cu-4%Ag alloy bar

3 Cu-4%Ag &R R M Z
Fig. 3 Microstructures of as-cast Cu-4%Ag
alloy bar: (a), (b) Metallographic images;
(c), (d) SEM images; (e) EBSD image
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Fig. 4 XRD pattern of as-cast Cu-4%Ag alloy bar

2,12 B SEMRE

PRI ) e S AT IR B, Bl S
BRI S IR TR - TR AR 2k . A
K S TTULE H, Cu-4%Ag PRI ZURAR B K, i
KRE, PLhismfEN 2454 MPa, JERGRE N 79.8
MPa, WijE iR miAS] 35.0%. & BAHEIRAE i)
IVEFRAR LU e, AR TR SR I L% .

SR FH A48 H T B B (SEM) ) o R e I 11 7
FEAT ISR, W 6 Fiok. ME 6 iTLAEH, Wi
A SRR S, B15 RTalis 3] 50
ume MR ZOUT IS A, WO BYIEX S T
IR KITEEH, T80 X LA . AT DTS,
TOIE Cu-d%Ag GEBImIIBME. YR LT,
FEHh R A & L R B L Re .
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Fig. 5 Tensile stress—strain curve of as-cast Cu-4%Ag

alloy bar at room temperature

6 Cu-4%Ag & LRI DRI
Fig. 6 Tensile fracture morphologies of as-cast Cu-4%Ag
bar: (a) Low magnification ; (b) High magnification

L2ty FIRSEIG A R A, SR T SR &1
d 11 mm Cu-4%Ag &&HREA RUIFHIRTH R E
Fl g B AR S22, dn e R R R ST
I, WiEMKRIAF] 35.0%, J67 M AT &
Bk, ATEEEAT RSO 1.

2.2 Cu-4%Ag HEIRNIR M IZHRIELA SRR
22.1 KL
TERARHLEXS T 51 #1400 d 11 mm F& 4
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BT AR, G IR K, AT SRR RN
T.% d0.04 mm () Cu-4%Ag & a2+, Torh iRk
f R A ARk 99.998%. K 7 Fian A d 0.04
mm Cu-4%Ag & &2 MRS . ME 7 Far Ll
B, KRBEINTLE2MEmER, TRAGHE
IEREE, T O1ES Cu-4%Ag SEBEREAREM
ok THERE

Bl 7 0.04 mm Cu-4%Ag & &2 RS

Fig. 7 Surface morphology of Cu-4%Ag alloy wire of
0.04mm
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TEFAR LSRR, 5 P B, &
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J7 18~ F47 (L B 8(d))-
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Fig. 8 Metallographic diagrams of Cu-4%Ag alloy with different reduction ratio in area: (a) 33%; (b) 47%; (c) 70%;

(d) 92%
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B9 A[FEF TR R 1 Cu-4%Ag & 444 EBSD

Drawing direction
color code

001

Fig. 9 EBSD images of Cu-4%Ag alloy with different reduction ratios in area: (a) 47%; (b) 70%; (c) 92%
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7 0.05%; bR AT AR B R K (T T R 4 R N
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100
X
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3
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8
.c% 20+
s J10
S 16
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10 AFERRBTEAT ) Cu-4%Ag & it At aeit
Fig. 10 Grain boundaries diagram of Cu-4%Ag alloy with

different reduction ratios in area
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BPEAC, o B e T US4 2 70%I 1Y) 90.5%305H
B 25 T THT US4 256 92% M) 1) 72%.. AL, 224 W7 T Wi 4
IR B 70%~92%I, HUIA] ff1 2 55°~65° 1 e S (IH
OALTT & JRYK AR G T AFE— E 40 AT

B 11 At AR R Bk W T 48 R 1 Cu-4%Ag
LM AL EI(IPF ) & R EISFERAR 7 171, 24l
TS A8 26 35 /NI, Cu AHT & RLER 7] 5 HRTE (100) 77
], BEAE R RE RN, WA R, SR
AR N EEFTE (100) < (A11) F7 1Al

100 @ 100 b 100 ©

DD

DD

111 111
110 110 110

1 AFERERBTEA R E Cu-4%Ag & E2b &l
KI(IPF )
Fig. 11 Inverse pole diagrams of Cu-4%Ag alloy with

111

different reduction ratios in area (IPF diagram): (a) 47%;
(b) 70%; (c) 92%

K 12 P AN [E] T AR 1K) Cu-4%Ag &4
B AL TEM 5. YRR RN 47%0, &4
M NP AR T KA, AASIGTE, AHEJELS,
A TR T SRR IO L, 7 i i e 3 2 ey R
PR R, M RS 2 BRI, ] 12(a)
AR TE IR T0%, A7 4 FEAR 5 EUR X 38
AR R R, AR TR KRB X ) B 1) AR
T, TELM R X3 B8 FE 292 200 nm (18T
AL, W 12(b)FiR. MAk, ZBBOEE R T H
JRF B YR AR T S8 Ag TRARGIKER &,
WE 12w, LA R = A R gL, Wil
12() TR MR EIEEIA 99.7%KF, 1ERXIBHAR
T, LS ST RS A% AL B A P B
REEH, KERKN T B SRR T 42, W
K 12(e)fFm. BeAh, B 120 (2)- (WFTRDHH
HADDF ¥, Ag 1 Cu #H ] Mapping &, 7] LLE 3|
RSFZ18 2 nm B KRN K Ag S48 A 102
RILTH -

223 iR R M RE AR

13 s N ol 2 Cu-4%Ag &4
fE SRR RS . B 13 TR
B, E—RREMEL, AE&MEERESN 63.4
HV 38K B W7 40 N 47% I G B 47 ¢ 87 AR
n=6.18)[1] 138.7 HV K BT THI UL A 2 T0% 0T (X iz
RNAE n=6.18)) 146.2 HV, SR AN TAELIL
G ERATH B, £ 408 DR L R 22 18 1
hn, AR Bk F 99. 7% M F kM AE #=6.18)I,
AN 187.0 HV. S AR sk, £
MRTEI B, A 4105 L 2 B oy PR P 3 K W 3 P
%, s RN 92% i B H RN AR 7=2.60),
S HETFE 84.2 %IACS. fERBEME, &
LR TR AL, MW gER N 99.7%, FH
FATBEARFFLE 82.2 %IACS,

K 14 Fis NHRIEFE R Cu-4%Ag &4 Pifiom
L WE K SRR R AR 2R . W 14
A LAE W, SRR, 17— RN,
B EPIRLIRE R A 245 MPa T B K Uk 4
2 T70% B 405 MPa , 1l e K2 H 35.0% 2
FIIRFER] 6.1%. 1ERTEREL, PihismfEo1g
b, WS KR L RIFAE, SRR N 99.7%
N, PIRIREERKF] 655 MPa , 1 5 K Rg
MR EL 4.1%.
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DT b 24 3L P58 0 P AT T Bl TRD B (100) H 1] R 2
PR, BAAERILT RS 00y B AR A
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A 23 B A] (1 0 R A A X 2 LA B A A VAR AR
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(001 B 7] &L P 1) 8 2 P B AR (1T AL 2 1), i
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! (l‘ll),
B 7-Ag[110]

12 ARFR BTG Cu-4%Ag &G4 B 1K
Fig. 12 TEM images of Cu-4%Ag alloy wire with different reduction ratios in area: (a), (b) 47%; (c), (d) 70%; (e), (f) 99.7%;
(g) 99.7%, Ag; (h) 99.7%, Cu
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Fig. 13 Hardness, electrical conductivity—drawing strain

curves of Cu-4%Ag alloy during drawing process
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14 FHPIIFEF Cu-4%Ag BEMIPTHimE . WrE
K F - P AR i 2
Fig. 14 Tensile strength, elongation after fracture—drawing

strain curves of Cu-4%Ag alloy during drawing process

PR e e P Ry | NN s L VA= R e Y WA M
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s U™, IR (001) B A FOE SRR
il 2 Cu-4%Ag & SR B 2 SR LA
RAITRAZ N 17(245 MPa). m#K 2 (35.0%) M T
Wit 2, AR TIRAS = B S AL e AR

PP R P RE AR L 5 A 2 AR S DA 5,
Pz AR R v ST ZE 2R RN AU 5 e P AR R 2 A
FENLE], AT Lo oA — A B BB &
0<<e<92%; LR MNAL: 0<<y<<2.6)F KA BL (A2
EiE: 92%<e; FLIANAE: 2.6<n).

TE— AT B, A 4 bl P = A KR R
3 A (AT 4685 X &8 1) BORE R R 67 468 PR (O BT 12(a)) W6
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MIBRAFIE R, BEYBIEARTERRE IR, ZBIRHLA
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Se MR EE /N OLE 8(b). B 9(b). K 12(b)), XLk
AT ST FH = B LA AL, AR E B LA A
AR, FECE S FE M I RE B AT 5 4 452 3
KU, BB 1 2 PR R TP E R S
UG H R REPIOLE 124 13).

TERABTEM B, KB IR A ST AN BT 1A T 75 K
KR A R OLE 12(c)), XTI RAZ 1K)
HEZHEREM Cu &4, Cu-4%Ag & ZHEEICN
66.34 mJ/m™>, ZEA B (G SRR, 5T
PRAR KR Y, i Cu-Ag B A TR . WMV
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53 e Fi45 0 DA AR A 4t FE OIS 12(d)), 2447
WEMRB —ERE, FENAERSEENERA
PN 12(e)), FEHEEEN . HEF KAt AT L
W BEALAS, Ag B ARG KA BN Sl
INIVAFAEAR, FEVE A 4ERR A AR RIS, X 5 e
g i /NS, S o DU IN TR k5 R
gk, SHEERNTRET R,

FRAE R ah A i v LA, SR T 51 IERS
&1 Cu-4%Ag & &I EA R HRERE,
TA, ERERER A SR BUa AR AR ALY, R A
DI RIS SITERLLT, Wi a) I A AR T (1 B S A
HILF] 35.0%, JoH IR K RAA B TE BRIk
99.998% . T IXEARF, ARICIEH R N EIER
T 2% Cu-d%Ag G&l, HEHATIESAR
WHIIMT T2, ARG e~ T2 rsld. ®
MAbEE. AR RS Ty, B 2R, ekt
Ml A= AR SR A

4 Z5ip

1) KA F51ESHHI%M d 11 mm Cu-4%Ag &
S W YR E A R P R T O £ A v i ) B 1 AR
M, W E K FRIER] 35.0%, A BT H 0N
T, o alER K R AR E ]I 99.998%, #
W R 51ES Cu-4%Ag &E R AA R R RHon
THERE.
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2) fEhifhid g, B EME, BT 2009, 10(3): 458-463.
WLHPABL SRR, TR T B2 AL I, SR e [71 ASTA M, BECKERMANN C, KARMA A, et al

X A5l , BERAS K, BYU)AR TR I,
i N TE R TR Z 1R fE R TER B, @it %
FRBNAS [ STHLH AN GRER S AL ARSI A, 2
WA, SEIRIB AR o

3) fERRIE RS, fE— AR B, YR E
N ATV, TEAEE R BRI T H o AT B S
1) 245 MPa #163.4 HV 43 51 =5 £ 370 MPa £ 138.7
HV, HSRBEEEN 90.3%IACS 5|35 & 92%
) 84.2% IACS; TERATEWH B, P am A LU
TR HERFFLLIE K, SHEWNTIEET PR, 4
TIEN 99.87%, PifismfEMELE] 655 MPa
A1 187.0 HV, FHARIRFFIE 82.2% IACS.
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Microstructure and properties evolution of Cu-Ag alloy prepared by
downward continuous casting

ZHU Xue-feng', XIAO Zhu"?, SONG Ke-xing’, SHENG Xiao-fei', DAI Jie',
JIANG Hong-yun*, ZHOU Shao-giang’

(1. School of Materials Science and Engineering, Central South University, Changsha 410083, China;
2. Key Laboratory of Nonferrous Metal Materials Science and Engineering, Ministry of Education,
Central South University, Changsha 410083, China;

3. School of Materials Science and Engineering,

Henan University of Science and Technology, Luoyang 471023

4. Zhejiang Tianning Alloy Material Co., Ltd., Jinhua 321002, China;
5. Shenzhen Zhongjin Lingnan Nonfemet Co., Ltd., Shenzhen 518040, China)

Abstract: A d 40 pm Cu-4%Ag alloy wire with high strength and high electrical conductivity was prepared by
continuously directional solidification and cold drawing. The evolutions of microstructure and properties were
investigated by means of optical microscope observation, electron microscopes observation, hardness test, tensile
test, and electrical conductivity measurement. The results show that the continuous columnar grain structure
uniformly distributes along the solidification direction in the as-cast alloy. The drawing process is divided into
different stages, corresponding to the main deformation mechanism of the dislocation slip and twinning, the
microcrystalline rotation, the dynamic recovery, the evolution of layered interface, and partial dynamic
recrystallization. After the deformation with the area reduction ratio of 99.7%, the tensile strength, hardness and
electrical conductivity of the alloys are 655 MPa, 187 HV and 82.2%IACS, respectively.

Key words: Cu-Ag alloy; downward continuous casting; directional solidification; drawing; mechanical properties

Foundation item: Projects(51974375, U1637210) supported by the National Natural Science Foundation of China;
Project(JSGG20170824162647398) supported by the Technology Research Program, Shenzhen,
China
Received date: 2020-07-10; Accepted date: 2020-11-06
Corresponding author: XIAO Zhu; Tel: +86-13187054506; E-mail: xiaozhumse@163.com
(RE 15



