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Fig.1 Grain structure perpendicular to axial direction prepared by conventional cold mould continuous casting
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Fig. 2 Solid-liquid interface of deep V-shape in conventional cold mould continuous casting(a) and solid-liquid interface of C-type

shape in hot mould horizontal continuous casting(b).”
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Fig. 3 Hot mould continuous casting method based on OCC principlet” '*'7: (a) Down drawing continuous casting; (b) Siphon

down drawing continuous casting; (c) Up drawing continuous casting; (d) Horizontal continuous casting
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Fig. 4 Effect of continuous casting speed on solid-liquid interface' % (a) 20 mm/min; (b) 40 mm/min; (c) 60 mm/min
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Fig.5 Effect of continuous casting speed on grain elimination?!): (a) 20 mm/min; (b) 40 mm/min; (¢) 60 mm/min
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Fig. 6 Microstructure evolution simulation of copper single crystal®!): (a) =1
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s; (b) =10 s; (c) =20 s; (d) =60 s; () =400 s;
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Fig. 7 Simulation diagram and actual microstructure of copper rod prepared by different casting speeds®"): (a) 300 mm/min; (b) 40

mm/min; (¢) 80 mm/min
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Fig. 8 As-cast microstructures of Cu-3.5Ag alloy prepared at continuous casting speed of 20 mm/min®: (a) Section perpendicular

to continuous casting direction; (b) Section parallel to continuous casting direction
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Fig. 9 As-cast microstructures of Cu-3.5Ag alloy prepared at continuous casting speed of 30 mm/min™": (a) Section perpendicular

to continuous casting direction; (b) Section parallel to continuous casting direction
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Fig. 10  As-cast microstructures of Cu-3.5Ag alloy prepared at continuous casting speed of 40 mm/min

[39].

(a) Section

perpendicular to continuous casting direction; (b) Section parallel to continuous casting direction
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Fig. 11  As-cast microstructures of Cu-3.5Ag alloy prepared at continuous casting speed of 50 mm/min"*: (a) Section perpendicular

to continuous casting direction; (b) Section parallel to continuous casting direction
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Fig. 12 As-cast microstructures of Cu-3.5Ag alloy prepared at continuous casting speed of 60 mm/min®”: (a) Section

perpendicular to continuous casting direction; (b) Section parallel to continuous casting direction
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Fig. 13 Device of three chamber vacuum cold mould vertical drawing continuous casting!*”: (a) Schematic diagram; (b) Photo
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Fig. 17 Microstructures of radial section of Cu-Ag alloy?®: (a) Cu-1Ag; (b) Cu-2Ag; (c) Cu-4Ag; (d) Cu-20Ag
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Fig. 18 Microstructures of axial section of Cu-Ag alloy™®: (a) Cu-1Ag; (b) Cu-2Ag; (c) Cu-4Ag; (d) Cu-20Ag
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Fig. 19 SEM images and EDS spectra of 5 mm rod blank at end of continuous casting of Cu-20Ag alloy
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PR R AR I B Hall-Pecth ¢ &, $BALRLN AN
5P RS HLEIA . BUK Ag S EAESHSHL D
A D85 M AT T A R R B HL 22 VA4 5 £ 4R 4 41
HEZIRAHL, i Ag & A a 24U 25 AR DARCIR
HEESL R, SR WG YT T B0
BEASEWPEE ZERESRR T, BHREDK
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AN 22 2634 (d 0.12 mm), F 78 K B i 3R A T 4
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B el

20 AFRAERET Cu-1Ag &4 2 EM PR HAT)

MY, RERAGEPREE, MpKEMSTHEET
F%, Cu-1Ag & &M 22 24 11 F L2 100%IACS.
PURiBREE N 300 MPa. KRN 23%. Z8 75 12 il
HILRA2 0.043 mm [¥] Cu-2.0Ag AN L2 544 Pt ot i
4 1062 MPa. S HLZ K 79.12%IACS. 2k )% % 25g
PSS T 281 % (1) Cu-4.0Ag FI8, ZIESARIK
FREATE 0.05 mm AL )5, PIRRERT 1 GPa.
HLZ N 77.2 %IACS.

A B FEN T = = A A T 0 5 5 4%
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HERR, MNESHER 7.8 mm E4HKE 0.02 mm
WAL, RGEMAT Ag &8, WL EN
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AT ] 20 Bk AN E RLAE B AR R
Cu-1Ag & &2 LM PRI AL BEE hr ik BT FE T 4
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PR T BEAPI A YRR 2L, BL2F 4 0] P Bl o5 o AR
(3G KT/ o [FI RS AN 20(b) o ] LA B, JESE T
PO FER SN SRR A, O ELE 20(c) 28
TEHIE), RE4EIR.

454 Cu-Ag &4 oo PR T A, fEFL SRy
(779 C), AgfE Cu FIFEEEEA 7.9%, 1AL

Trvtenans s

Fig. 20 Microstructures of longitudinal section of Cu-1Ag alloy wire under different strainl: (a) e=0; (b) £=2.6; (c) e=4.12;

(d) e=6.46
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K 21 i AARAILAR Cu-20Ag & STl 22 244
AR T AR AR T AROWL 2 2 P 21 AT DA, Cu-20Ag
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SRR /N R X R AL 21
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DRI, AR SRR (111 ST . e 21t
/N, Cu-20Ag A& AL e Mo g $E m, T

KA AN G R R 2 245 2.13 mm $74K %2 0.02 mm
R, LB KRR E A 1.8%~3.3%, k1% 0.02
mm ] Cu-20Ag & & 2 M Pthi s E N 1682 MPa. fi#i
KN 2.0%, FHIEN 544%IACS.

T 22 e ) & L AR TP R TS SR gk T2
A LEMER R SBIIWZ, =& m i Es e hiik
(O ZERIRTCTS, A AT 7T 51 DAL KT 3 )
0 A ORI T B, S SRk B AR
0.015 mm f4H 22 284 It 7% Hp 1y W 2 J5 81 A0 52 i R 25
BT T RGN, R R 2 e B R R
W 288 1) O = A DA T DO A

1) &M 0. S\ P EE A UC R LRI A L
Y%, LA AlL Ca. Si ZILR IS B A

2) PARAL T ALGUANIE ) S R 5 AT
LI BRI, RIS FLH DR RS LSk
R ZE, BT O N RIER AN — B LI, FLIRIL A 4
JE T B B L ) IR 2R A

3) MR BRI AR R EE X R R
FH R SRR ML W AT 2 N

E 21 AFEZAE Cu-20Ag & & 22 B 4R

Fig. 21 Microstructures of Cu-20Ag alloy wires with different wire diameters: (a), (b), (¢) 7.83 mm; (d), (e), (f) 2.13 mm; (g), (h),

(i) I mm
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HEJE MK B 220)F R RSFER, &
Wl G FEAR 2R 5 e, Sl R ZL; £ 22(c)
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HFFAERIR AT, PR HEAT RIALEE, VR

BRI, BRSO M2 e il i A F ARORERE AL, e
BEEAR F 2 1 Jo 3 P BT 2

B 24 FIon ARk dai] 7oA 2438 B 26 (1 S Ry
fiE. W LB S AT I 5, T S gE 4 B
AT SN RN, SRR SN A5, i
KWLk

3.3 ARAIEIRELL LA B R RER T

X 2 22 b AL BT TR OB AT, R E
I I RER TP B I . R TN
BTG WU L 2 AT IR TR AR AR BEEOR, 7Rl
FE A AR HAL SRFE . D12 REAI SR ALAR
RIS A SRR LR e HL 0 S R REAML SR RE 5
TFR AR S L A RS R AR IR K T, R
BB K TS HN A TR H LN N RS A, PR
EEGIRFGEE ; TT R A 2 MR K T,
RYJIR K TS HOM L LA 5K T 0 2 G G5 R AN 3R T ot
R, AR WAHANR R R, Sl
TR L2 PR SR IR ], PSRRI A
331 JEARAAE B L L2 B A S RE

A B BAT FEN 53 AR 7K 13 5 T 25 24 (1 1

Bl 22 FIRGIRMBILIEE, AR w RS s

Fig. 22 Fracture morphologies caused by inclusion((a), (b)), fracture morphologies caused by oxide segregation(c) and parabolic

dimple(d)!"
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Fig. 23 Fracture morphology caused by impurities on wire surface(a) and fracture morphology caused by defect on wire

surface(b)!””!

24 RARIA L IE BN SRR J03d K i s 5!

Fig. 24 Torsion fracture caused by improper drawing force(a) and necking caused by excessive drawing force(b

HENEMEATR, 8 —[EEO50 C, TR 1 h)+
25450 °C, {#IE2h, 4h, 6h, 8 h)HAubH, =&
BIFSC T I 20T (DX AR A S 2 R M . 3 LR IR
We), AT AN [EII SO ) 2 AF R A SRR TR S . R
NG IR EERRAE S B (AR LR S ] 25 R
N Cu-3.5Ag & & WA L, Bk o A 2>
BAEE, TE Ag BN, Ag 5T 58 A [E I I 54
PR T S RN A A

Kl 26 Fin 9 Cu-3.5Ag 44 450 CORIE 4 h I
BOCH G IO R . KES Ag MHEFRRITH, H
T AR A LE SR AR BRI S KA, & Ag M
A AL 1) 96 RN e (002)ag// (002)c, F1 [120],, 7/
[120]c, » AT HARFIIEALEILRK KR B 26(c)fTn
WG 2 E Ag MIEFURRABRR, DR
ERRMEAER, & Ag P EAEN 17~19 nm. K

)[79]

BE Ag MAESHTH, X EEFLAS R FH a8,
I N A SRR P ek 55, A G R T R I K
2Tt

27 fiZR N Cu-3.5Ag B4:4 450 CHRIE 8 h i
ROARER 5 O ZHEZ . B 27(a) T LR BI'E Ag AHA
SRS KERBRSGERR 2500 K&R.
VRIS K I 2 0 5 Motk 2 BGEL 20 AT« B 27(b) BT AT
HAHME S, & Ag MHFIEATT, PHERE
22~25nm, TR, KA THTHARRERM
KK B 27(c)H1 27(d)FT7R 53 AT A = 2 9 TEM
1§ R4 AR /5 2 FET RTS8 ERER . fiTsdte
FE M A bR 2 e Ag AR5 AR IIAL A 2K RN
{200} 257/ {200} ¢, F1 (100) 5, // (100)c,, » HT AR FISE A
NS G R MR AR BIA 5 4, BT HARSR AR I
KR, BERERN, SRR, SHRE
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FEMCEEAN b, XPECWEST 1A IR ARk
AR A A RM I T 2N Cu-3.5Ag 54 SHMERE
FJ 2 R B RN, PREH T [V A5 [+
AR EAHA BRI S ANR T2 44 Ag
R 7 M A EIZE R . TES. K. A IE S R
SR, RN TR Rk 5 TR AR R I A
ML AR [+ 2T 241 Cu-3.5Ag
Ha, PASTTIRAN RIS A S50, TRk
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EAE 023 pum MIALESHEE, HrHAHFIEAA 18~20
nm, 7R85 Ag A 2 ANORLZ B 3 AR (L 28) .
[ I SHA LR T2 4 1) Cu-3.5Ag & & il
JTW, AR R B B3, PRk A2
FOPATERA R AL, M RIS BOE AR A T T
VE, PR ARSI, AR AR S R AR 37 71

& 25 Cu-3.5Ag & & E7 AR A LU

AR AT 2% 1 Cu-3.5Ag A&t il 5
TENL RO TERZ (L 30), AT HAH S5 3RO 7 2 R oA
{200} cu// {200} g F1(100) ¢, 7/ (100) 5, » I AT FAIFAE
TE bl R T REEAE 2%, S 1 AT IR AT H %,
BEEAIS 17 [V S S A A I A, A < DR R e 3 FELRE
[FBT, J12E e Re KiR$E Tt

K F I 7K S T 55 + T A T Ah B + 22 08 I S
WILZ, &M Cu-Ag AELMPIRHE N 530.5
MPa. SHZFN 82.3%IACS, Hip&MEReMitm T E
5 R A A A 1) 255 VR F B AGR BE SV F T A AR
FFEZS RS, WK 30 (a) Pis.
332 EZRIB K T ZNTA 5L 22 2 b 4H 2R 1 R 5 el

AR H R ) Ag 7 Cu R BV S RS & 4
MR EERER, Ag TEMNTEFH Cu-Ag 5&4F
desgn, [EERCDN, AenmETE, FHERAK, I

Fig. 25 Microstructures of Cu-3.5Ag alloy in solution state!®®!: (a) Bright-field image; (b) Selected area diffraction pattern

v ’
‘ <=
f § ™ Average size
5 e 17-19 nm

[1000m

“ (‘422)(‘11

).

(002)¢, & J

(422),, .

26 Cu-3.5Ag G440 450 'C. 4 h IS
TR £H 2R3

Fig. 26
aged at 450 C for 4 hi®; (a) Bright-field

Microstructures of Cu-3.5Ag alloy

image; (b) Selected area diffraction pattern; (c)

Dark- field TEM image
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ULHH Cu-Ag B &M T E R A TR K T2 RIE RS
PERE . AR Cu-4.0Ag B4 EHIEM d 8 mm i
HENd0.05 mm, KZEHAEIEK, PLdisiEH 1023.12
MPa. HLS2%H 44.78 MS/m. {4k 4k 250 Bixt T
Cu-Ag &4, RKAMKIRIBJCAF TRI- MRS, M

E 27 Cu-3.5Ag 542 450 C. 8 h B UG MO 4 41153

IR KA R TR T 122 e .

AP TN R =5 A R R S EHRAR
#% TR Ag &8 Cu-Ag B EIRFER, W TiE
SRR T EZRIR KR FE(440 'C. 480 'C. 520 C)
SR A 4 2 260 S IR L AR FE A BROW A L 5

Average size
22-25nm

B
Ag-phase, T
aggregation and growth

Fig. 27 Microstructures of Cu-3.5Ag alloy aged at 450 ‘C for 8 h®: (a) Bright-field image; (b) Dark-field TEM image;

(c) HRTEM image; (d) FFT image of (¢)

28 [+ CH] 1 Cu-3.5Ag A & 414

Fig. 28 Microstructures of Cu-3.5Ag alloy wire prepared by solution+aging process (a) Bright-field image; (b) HRTEM image

[44]
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Parallel lines

o o i L% e ] .
K29 [+ A BB 4 10 Cu-3.5Ag & & M4 4
Fig. 29
(b) HRTEM image!**!

o Ag-phase

Dislocation”

2000

B30  [EVA+A R IR R (0 Cu-3.5Ag A & o4l 44

St -
¥ A |
goiite, HITH

Microstructure of Cu-3.5Ag alloy wire prepared by solutiont+aging+cold drawing process: (a) Bright-field image;

Fig. 30 Microstructures of Cu-3.5Ag alloy wire prepared by solution+cold drawingtaging process (a) Bright-field image;

(b) HRTEM image!**!

miy 82891 ] 31 Ff A Cu-4Ag Fl Cu-20Ag & 42 M 4
T AN R B R R BE AL B S O A 21, Cu-4Ag &4
FEIR KT Ag M LABURDIR I NAEAE, Ag Bk pE S
B R T m A R AR W5 AR, 1T Cu-20Ag &4 1)
Ag MHTE R T SRR EE M, HAE 520 ‘CIBKHFHHIL T
REIG . LT Cu-dAg &4, Cu-20Ag S&£F4E
MAAERESE, BEEKAM. REIE KB Cu-20Ag
Hl Cu-4Ag GETEREZERIBIN, T4 480 CiRKEE
SYEREEE, BB Cu-20Ag &4 5 F R4 51 N
89.45 %IACS F1 157.03 HV.

4 SEEMMBL LM REIRE

4.1 SAEMBAEMREAELZHER

HEL 7 R AR I R O A P I —TE R BE TR
HrER A a2 il EEER ek, AR 1A
BRELMER AL, BaRyMIEERE. S/
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e i e 2 R AR 2R A R R

NP RS 2 2 S, iR i A PR RE,
A AR L2 M R R mi s DU TERELF
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FI BRI 2R o

SR, X FLRA2/NT 0.1 mm FOH B0 40 22 2644,
AR GG AR AAAE LUR R 1) JCikAf s
LM T 2R R A, R RAE M L B i ki 24
LAHEBI A BTSN, &k K Bk 2) KEAR
L R SRk A 22, R S AR TR AN 5
FEEM .

A BT FEN BTt — et e R T 40 K Uk
AR, IR NI 4 A 22 b R T AL,
PRy & el i AN A 24 ks 9 K e 4
K3 51 3 BB AR, IF AR BAT i e
PERRERE P, L AP AR 0 3 1T 257 78 A 2 K
L] ], e 3 2 TR o7 BELA P S A K A0k 2 1] (14 70 8o
R, R AN N B TR H1 15 9K 28
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. BT —— = g
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B 31 Cu-4Ag il Cu-20Ag & & 7EANELR KR A AR o 24

N

Fig. 31 Longitudinal section microstructures of Cu-4Ag alloy((a), (b), (c)) and Cu-20Ag alloy((d), (e), (f)) after annealing at

different temperatures: (a), (d) 440 C; (b), (e) 480 C; (¢), (f) 520 'C

28, RIEMAR IR — ZE- RS, B
TR ATV W b (R RN e G MU o 4%k Bl
oyfiEE, RN A E R R SR T, AR AR ER )
TERR, %5256 e gt i R A il o5 R R ST
FH NI 5 25 i P v O EDGSe R T 4ok
BEZ o SRTNANK IR DY 5 2 ] S B oy il 32 A
33 fimRe

Coating
solution
} . . Mould

B 32 KRmgoKiRE T ZREK

Fig. 32 Schematic diagram of surface nano immersion plating

process

[E 33 TMANALM R mPRIRTERE
Fig. 33 Device of surface nano immersion plating for micro

wire

42 REPRRELZI AL LA AR RN

SR HARIR IR PR B I T 220 9
KERPR A HOE . BRSSP . AAE R
4o AIATBABIFTEN 5% DU A 22 2 i R T 40K Uk
PAENB, BT T @ RANKRBURLAE SRR P K 7 AT
N, R TR S5 R B A AT 2 TR R R T
Mz e WH7E NIRRT R R . R
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WALR AT AR . ER AN A P EAT T R AT,
421 AEEEER R EREE R AR R R

AN 22 Ze M R TGP IR PE I FE LR ALK/
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43 HIRH 0.0214 0.0224 0.023. 0.024. 0.025 Al
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TN IR FHAS [ FLARAR H AT 2 TR 9 K IR A /s 1
T 22 Ze b R T TS0 - 1 B 34(a) PT %0, X5 0.021 mm,
0.022 mm FLAAMEE, &SRR RZ R A 2 E
i 2 AR, A 5T BRI X T 0.023 mm 1 0.024
mm fLAEBLER, IRPEFEA 2R Ll e uf, WE5,
W 34(b) 7 s %FF 0.025 mm F10.026 mm FLARHEH,
IR 2 R T R BUBORDIR MRS, 2N L
WIAESAM FRERRZ e, Wkl 34(c)fir. I,
Y EAE T KT SRR 3~4 um B, #2310
B B 34(d) s ARG R 20 2 )R FE Y FIB

B34 R BT B S A 4 R 3 )

(Focused Ton Beam)ll ik & 5. HHIEW WL, %2 E &N
96 nm, HAEZIEHIIEL.
422 IS R R LA 20 2 M R R

A F BN FE N GUBIEFE T I AR B 6 2 R
FE. RS AR T GOR . A 2 MR )
KRB A, R T RAEEELETZS
KBS0, PR ALFRIE R 450 CHE, 02 SHRFER 2 18]
R T EIEUE ) PdiCus SRS, R
77.3~79.1 nm( L& 35).

MG FRIR TRy 430 ‘CAT 450 CHY, 4EEEAZ %R
THD ) Ji 1 e A B A o A, SRR Z R RE 117
nm(430 C)Jk7# % 78 nm(450 C), FFH7EFLH I Eh 7
Pd;Cus & B ML EVE, PR LR s i —
8NP BRI B 2R 500 C, BEADARZR LR P BT 4G
LR, JRPERE SRR, (A I Sob Bl ) BRI A
0.073 N, MK RECE 11.6%; FAKFLEE N 450 C
W, PEALAZE A R kee, HAESHEAR
GEETRAE. L R RS R A K

Bl 36 AT AN R AR BRI S R 1) Ag-4Pd A2k
LG . 22250 CHALFE 2 s J5, Ag-4Pd BEA LRI
il 7RI, ARSI, AR, IR

(b)

 H=97.56nm

Fig. 34 Surface morphologies of copper wire after palladium plating with different aperture dies®® ®¥: (a) 0.021, 0.022 mm; (b)

0.023, 0.024 mm; (c) 0.025, 0.026 mm; (d) Plating thickness
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Fig. 35 Plating thickness and composition of palladium coating on copper wire surface

5 um

36 AREIIACTEFE R Ag-4Pd B & LRI 21 218

(b) - 4;'3‘*

Mass fraction (%) Atom number (%)

RO Clement 5400 (Pd:Cu)

-

A 49.58:50.42 27:46
B 50.32:49.68 26:43
49.81:50.19 32:54

[88]

Fig. 36 Microstructures of Ag-4Pd bonded alloy wire at different heat treatment temperatures™: (a) 250 °C; (b) 350 C; (c) 400 C;

(d) 550 C

HREMABHAL, 4300 CHAH 2 s 5, Ag-4Pd
BELIRAR RS ZRAL, EAREZNE; &
350 ‘ChbHE 2 s J5, Ag-4Pd A LR LA H ZUFEAH 2K ;
2400 CHALRE 2 s 5, IRXFEALUES B ARSI LT
YR A LA RS 2, HENTSE SR B .
423 R HVRL B A 1 RERIE AT

WEIE T A R AR 2 5 o A A, B EE T
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TEFNLH, A2 JEEEARRAR T 2R 0.47%%5 7%,

37 B AN AR R 2] FIB B,
PdCul. PdCu2 f1/Z /243724 42.35 nm #1 95 nm.
38 iy BN PdCul. PdCu2 #4441t EFO
JG ) FAB B/, ALAEH, PdCul #ELANZ& 20
EFO(Electronic Flame Off)J5 1] FAB (Free Air Ball)i%
R, 2EURKERAFR, W 38(a)fi7r; PdCu2 8%
PO ZE BRI, X ARV, W 38(b) s
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Fig. 37 Different palladium thickness of copper wirest’?: (a) PdCul; (b) PdCu2

[ 38 LI 4 a5

Fig. 38 Copper ball morphologies of palladium plated copper wire!”: (a) PdCul; (b) PdCu2
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Preparation, microstructure and properties of copper based wire
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Abstract: The copper wires are widely used in integrated circuit bonding wire, audio and video transmission cable, active
wiring harness of medical devices, and various electronic components. It is the key conductor material to ensure the
stable transmission of system current and signal. Based on the preparation process of copper wire, this paper reviews the
process characteristics of hot mold horizontal continuous casting and cold mold vertical continuous casting, and their
relationship with the directional solidification structure of as-cast copper rod. The effects of process parameters such as
continuous drawing, heat treatment, and surface coating on the characteristics of grain size, precipitated phase, surface
coating, and bonding were discussed. Finally, the development trend of application field and equipment technology of
copper based wire under the background of “new infrastructure construction” was prospected.

Key words: copper based materials; wire; hot mould horizontal continuous casting; cold mould vertical continuous

casting; continuous drawing; surface coating
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