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Fig. 1 Influence of alloying elements on electrical conductivity

of copper alloys!"
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Table 1 Electrical conductivity of copper alloy contact wirel®!

Electrical Electrical
Alloy resistivity/ conductivity/
(10 Qm) %IACS
CuMg0.2 2,240 76.9
| CuMg02 2,155 80.0
(high conductivity)
CuMg0.5 2,778 62.0

9.46 pm(El 2(c)), BEFFERIRT A 8.62 um(E
2(d)), AIOLERRLE SR T A, (R BT AR
JE TR oL () 7 AN AR B s /N B i SRt — 2D
HK, AEXTELEN 86.0%; 2Bk AIT i LU filmE A 34K,
N 6.7% (MK 2(e)s ()
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2 Cu-Mg #4385 b & 1 EBSD 4347 (a) $rHEJ7 14 EBSD Sk HLA SR s (b) Bl EBSD @B A% B (o),
(e) B(a)Xs LIRSS 70 A1 BRI R BE AT P (d), () 1T 2(b) 8 L AR LRSS A1 PR i 7 2 93 A

Fig. 2 EBSD maps of Cu-Mg alloy after continuous extrusion': (a) Grain orientation along extruding direction; (b) Grain
orientation along horizontal; (c), (¢) Correspond to grain size distribution and grain boundary angle distribution of Fig. 2(a),

respectively; (d), (f) Correspond to grain size distribution and grain boundary angle distribution of Fig. 2(b), respectively
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B3 Cu-Mg A& ESHEHM TEM B (a) BAZER: (b) FighHals
Fig.3 TEM images Cu-Mg alloy after continuous extrusion®: (a) Annealing twin; (b) Recrystallization structure
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%2 ANFEZHE Cu-0.29Mg-0.21Ca &4 1 HE
Table 2 Properties of Cu-0.29Mg-0.21Ca alloy after different treatments [*)

Cold deformation/ Hardness. HV Tensile strength/  Yield strength/ Elongation/ Electrical conductivity/
% ’ MPa MPa % %IACS
0 61 271 138 44.56 76.41
10 109 - - - 74.30
20 123 353 340 9.76 73.97
30 134 - - - 72.00
40 139 418 407 5.52 71.60
50 146 - - - 71.43
60 151 474 455 3.80 70.90
70 159 - - - 70.33
80 168 547 529 3.52 70.03
90 177 601 581 2.48 68.08
80%, anneal 164 545 526 3.60 71.79
®3 AFAZEE Cu-04Mg &4 HITERES
Table 3 Properties of Cu-0.4Mg alloy after different treatments®
. Tensile strength/ Yield strength/ Elongation/ Electrical conductivity/
Deformation/% Hardness, HV MPa MPa o %IACS
0 63 241 124 36.31 71.63
10 102 - - - 70.93
20 109 313 309 7.82 70.27
30 118 - - - 69.33
40 137 392 385 5.32 69.30
50 147 - - - 68.46
60 151 454 445 3.76 67.56
70 160 - - - 67.48
80 166 523 518 3.12 66.10
90 169 578 559 2.40 63.95

E 4 Cu-0.29Mg-0.21Ca &4 EDS 447"
Fig. 4 EDS analysis of Cu-0.29Mg-0.21Ca alloy!”

Cu
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Table 4 Composition and properties of two main Cu-Fe-P alloys ™

Composition, w/% Properties (Hardable)
Grade Fe p Tensile Elongation/ Vickers Electrical conductivity/
strength/MPa % hardness, HV %IACS
C19400 2.1-2.6 0.015-0.15 410480 =5 130-145 =60
KFC 0.05-0.15  0.025-0.04 390-470 =4 120-145 =385
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5 (a) [001]c, W5~ o-Fe FiF [ TEM H351%; (b) Bl(@MHRATHBEL; (c) BRI 4 Bl a-Fe 2R H 1] 110]g FH)
ATHAERE: (d), (o) 4 FARMALEREAE[001 ey HHAI NN () B EXUNTH o FIBLIAERE 5001 ¢y 7 il T SEU6 P AORT S B A —
F)

Fig. 5 (a) TEM bright field image of a-Fe particle under axis of [001]c,; (b) Corresponding SADP of (a); (c) Simulated diffraction
patterns of four a-Fe variants along with [110]g. axis; (d), (¢) Superposition of 4 variations on [001]c, axis; (f) Simulated pattern after

considering double diffraction is consistent with diffraction spots obtained by experiment under the axis of [001]¢,["™
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B 6 Cu-2.3Fc-0.03P &4& AL kA TEM 419 (), (b) Sr48M: (), (d)y-Fe KiF

Fig. 6 TEM images of Cu-2.3Fe-0.03P after hot rolling and quenching“é]: (a), (b) Dislocation cell; (c), (d) y-Fe particle
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El7 AFPRZE Cu-2.3Fe-0.03P 44744l 80%+(450 C, 8 h)IF &% )5 TEM BIIZ1%'%: (a), (b) BEEEAAE: (), (d) #ELEK

P

N

Fig. 7 TEM bright field images of Cu-2.3Fe-0.03P alloy in different states after cold rolling of 80%+(450 C, 8 h) aging[16]: (a), (b)

Quenching state in solid solution; (¢), (d) Hot-rolling+quenching state
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x5 ARTEMESNE Cu-Cr &L MR
Table 5 Comprehensive properties of Cu-Cr-based alloy
Composition, w/% S::lzr;iil;r;i;lg Har;{i;l/ess, Tensili/[ s;;ength/ Electric;a/i Ic:gdsuctivity/ Reference
Cu-0.4Cr Straining+aging 156 — 86.4 [20]
Cu-0.55Cr-0.07P Straining+aging — 550 74 [21]
Cu-0.43Cr-0.17Zr-0.05Mg Straining+aging 118 525 82 [22]
Cu-0.47Cr-0.16Nb Straining+aging 150 453 89.1 [23]
Cu-0.13Cr-0.074Ag Straining+aging 140 473 94.5 [24]
Cu-0.28Cr-0.15Mg Straining+aging 156 540 79.2 [25]

8 Cu-Cr-Ag &4:1E 480 ‘CH A 2 h i) TEM 4P (a) Mi31%: (b) =/ ¥idiBiR)T; (o) HADDF Ef%; (d) Cu L&
fiis (e) Cr TLERHIM s () Ag TLER I A
Fig. 8 TEM images of Cu-Cr-Ag alloy aged at 480 ‘Cfor 2 h*!: (a) Bright field image; (b) High-resolution electron microscope
photographs; (c) HADDF images; (d) Distribution of Cu; (e) Distribution of Cr; (f) Distribution of Ag
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9 Cu-Cr-Ag G411 3 4EJ5F 401 1 2D 45 &2

Fig. 9 2D projection of 3D distributions of atom map in Cu-Cr-Ag alloy
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H+80%A LA Cu-0.47Cr-0.16Nb &4:7E 450 C
P25 4 h A ST BT IR R BT, SRR e ok 0 L A
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KGRLTo N TP FRIEE AR T4, R
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B 5 SR AT FZ BB UTIEY) 9 BCC 450411 Cr A, 5
FEARBIBIARDE R A[011]cu/[001]crs (11 1)y // (110)crn
(422) ¢, /1 (110)¢, » RPHLALE N-W A7 AH5E R B 10(g)
FIT 7 e SR AR 23 AR, AR e B A
He 477 5 P 0% A s 5 AL T 20 ME SOIR T VE M
BCC it Cr AH, SEARMIAIH R N[0 ]/
[11ees (111 /(101 ~ (422)¢, // (121)¢, » B K-S
RLAHIR R o B 10(0) 7 A 53— FERTEATT tH 401 e 23 9%
EBlE, HEA FCC 45t, SRk, Sk R
SRR

& 11 FT 4 Cu-0.47Cr-0.16Nb 442(£: 950 'C 4h
B 5 +80%4 #L AR F+450 C 43 HIF 2% 2.5 min. 30 min
AT 4 h) AL 1 = 4k SR 3R EH(BDAP) 73 Hr 4 2271, Nb

[26]

f& & 2.5 min B 0.16%~0.2%(BE /K735 (Bl
L(b)FTR)IEINE] 4 h B 0.3%~0.6% (W 11(d)FT
7R)s ULH] Nb JGERTE Cr MR BN A B, B
ROSFEF A TR Nb Jo 3 WESAT H - B 11(e)- ()
(@) A R T 2.5 min. 30 min A1 4 h FEfHH Cr 743
ARG, 2.5 min i, Cr AH/NITZD, SPERLE AN
5.8nm; 30 min ¥, CrAf/MHEZ, “F¥JRifEN 7.7 nm;
4 hisf, F5 Cr A, KANAIEE], 7E5~18 nm A
&, “FERIAAN 12.3 nm.

Nb 7E 4 2 44 B (19 [ 3% 8 1000 °C/0.2% »
800 C/0.15%, 20 “C/0.14%, Cr 7EHFEAA () [F 75 5
41000 “C/0.49%, 400 “C/0.024%, 20 “C/<0.024%.
Cu-0.47Cr-0.16Nb 7 4 I UL 2 P Cr AT Hi 5 Ak 2%
R E T Nb JEF T AR AT IAE N O,
WM RE T Cr MBS KK, TR EREZ,
AR/, FEET Nb (45 7 3R =
A7, FF HAWERAE Cr AR THER NS, ZELE T Cr AHIHH
tho DR, BRCF A Cu-0.47Cr-0.16Nb & & i Eb
Cu-0.45Cr 54 K. 3DAP KM ELLE BN Nb
BAPBERG Cr AR, G475 200 C. 300 C.
400 CHHHKZ 358 399 MPa/22.9%. 334 MPa/
14.8%. 282 MPa/12.3%***"), A, Cu-0.47Cr-0.16Nb
G4 B A R PR e .

Mg & e E NG &thonE. B 12 fos
N Cu-Cr-Mg A 4 I R0 2 H Amou 25 2842 137 5 R
12280, B 12(a) (b)AI(c) S A 420t 2.5 min. 15 min
M4 h UG 1% . 28 2.5 min I RS 78 R A4 K oy
AL IR 2 AT AR 12(2)), #TE AR S ECR A
FRE AT BE X 5 32 B4 NP2 BRTEATT H AR AR G IR AT
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= -
(200) ¢,

Element x/% | | X Element x/%
Cu 38 B : : Cu 647
69.7 & o Cr 23.5

Nb 11.8

Bl 10 4950 C, 4 hy 2L 7+80% 4 FLAEH+(450 C, 4 )i 2UF Cu-0.47Cr-0.16Nb & i B AT (), (o) it
% (b) & 10@)7E[011]Cu vt fl L X i FRTSTTERE: (o), (d) RIFHIAM BABRIIR T BT (D, (), (h) HsrHHAEc
Fig. 10 TEM image of Cu-Cr-Nb alloy fabricated via solid-solution treating at (950 C, 4 h)+cold rolling by 80%+(450 ‘C, 4 h)
aging®": (a), (e) Bright-field images; (b) SAED pattern of (a) with zone axis of [011]Cu; (c), (d) Bright-field image and
corresponding energy spectrum analysis of particles; (f), (g), (h) corresponding HRTEM images of Fig.10(e)
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Fig. 11 3DAP data showing Cr concentration maps and corresponding concentration of Cu, Cr and Nb in Cu-Cr-Nb alloy fabricated
via solid-solution treating at (950 °C, 4 h)+cold rolling by 80%+aging at 450°C for different time® 2" (a), (b) Element concentration

of alloy aged for 30 min; (c), (d) Element concentration of alloy aged for 4 h; (e), (f), (g) are Cr distribution in the alloys aged for 2.5
min, 30 min and 4 h, respectively
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L WSRESETY - T
12 Cu-Cr-Mg £4x 480 “CIF AN [F I Al ff) TEM Al HRTEM [ 5128); (2) 2.5 min; (b) 15 min; (c) 4 h; (al), (a3) K 12(a)
2 X 35 (1) HRTEM BB s (a2) 5 (ad) 739 4(al). (a3)ff] FET AT5E; (b1), (b3) Bl 12(b) 5 B X 38 () HRTEM H& 5 (b2)
5 (b4)53 a1 9(b1). (b3) FFT AT El: (c1), (c3) B 12(c) ot BiX 45/ HRTEM R fr: (c2)5(c4)5r 5l (el (c3) FFT fif
i)
Fig. 12 TEM and corresponding HRTEM images of Cu-Cr-Mg alloy aged at 480 °C for different time®>?*): (a) 2.5 min; (b) 15 min;
(c) 4 h; (al), (a3) Corresponding HRTEM images of Fig. 12(a); (a2) and (a4) are corresponding FFT diffraction patterns of (al) and
(a3), respectively; (bl), (b3 Corresponding HRTEM images of Fig. 12(b); (b2) and (b4) are corresponding FFT diffraction patterns of
(b1) and (b3), respectively; (cl), (c3) Corresponding HRTEM images of Fig. 12(c); (c2) and (c4) are corresponding FFT diffraction
patterns of (c1) and (c3), respectively
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Bl 13 Cu-Cr-Mg 4 480 CI AN RN &) J5 My th AR e 20 A th 28 e e R0 AR ™, (a) N2 2.5 min; (b) 2L 15 min;

(c) W& 4h; (d) A% 15 min J5HI Cu/Cr/Mg JTE &R A

Fig. 13 Element density maps (and corresponding distribution of Cu, Cr and Mg of precipitates in Cu-Cr-Mg alloy aged at 480 C
for different time®): (a) Aging for 2.5 min; (b) Aging for 15 min; (c) Aging for 4 h; (d) Cu/Cr/Mg elements distribution in alloy aged

for 15 min
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bE 5 I R A E K, Cr AWTE 4, BFAL 15 min 5,
Cr LR F RIS 50%, T H A FE44 Heusler 45
1 CrCu,Mg #Ho 4B RUN AIER B 4 h f5, B A
Cr L& Il EFF, K4 CrCu,Mg #H43fif# iy BCC
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Cu JCRIKFEAW T B, BT Mg 7E Cr FAEE HA
RAERRAERSGHT A, Fit, RO, & Cr Hri 4
) Mg JR TR OB B HERR 20T A SRR, dnl&] 14
REEFTRP, Mg 7E Cr ERARE, {E Cu T
I 2% AR, ik, Mg 7E Cr R B R Huc iz
KT Mg 78 Cu P HREE i E gy Mg J5 74
PeHE AT HHAH, BRI Mg JeiEy Bl AN B A
oM AEST AR AR LTS 5, Mg o &R 38 T4
FHFRHE . W ER ) Mg 703K S AR AE AT AR AR A ] )
AL, BRI A, PR
TAEEARWRAN 7, FEE T HIEAH, HER T RUS A
AR FERY . Mg JTGERARECE Cu-Cr &M HT,
{HF&5E T Heusler Z5#J(CrCu,Mg)FFa75A4H, BRI T Hr
AR .

Sl

puse=Cr

Cr Zone

Mg Segregation

B 14 Cu-Cr-Mg & & 30d i i 514 Bl & e
Fig. 14 Schematic diagram of atom diffusion during aging

treatment in Cu-Cr-Mg alloy?®)

®6 CuCrZr & LIIFFIRRILE A TERE

BEX s Bk B — AR IR . S e T RE N 7
B, RiEmESS CuCrZr REEIERT. KEHE,
HEBALHIIATAR R — . IR, 455
FWIRABLE . E5IERS T ZME ST RAELIR M
TR, RET CuCrZr ZEEFRE. KGHE, L5
AR, LSRR R F & 15 Fis,
BELELGE . AR R, LA TERE
2 6 s, Refil RIS 385 kmv/h DAL i Bk A 0
MR, LA WRERCREBIEE K Cu-Mg 43
KIS o

B 15 CuCrZr &4 LS IRA A
Fig. 15

casting

CuCrZr alloy produced by up-drawing continuous

123 &5k CuNiSi RE4E

Cu-Ni-Si &) AT R IT™md, 2
1 1 R 5 ZRAE QAT (o (I BRAE A Bl 2 — o BIZRHE
BRI E ] Cu-Ni-Si & & 58 % — N 600~700
MPa, FHEA 35%~50%IACS. HHl, LM T
LR A SRS, R T FrAN RG] R HELL
Cu-Ni-Si &S MG H R

Cu-Ni-Si &&ME—ME AR &4, 480
THOME 20 23 R0 M B Bl A I 0 2 A [ T AR AR .
Cu-3.0Ni-0.72Si &4 7E 450 “CH1 600 C i R AbFE Ji5 )
TR A T R R AN 16 Bt & 4 mE R e L
5] (19 i S22 B0 HE S s ORI 20),  BIAWEAE
B (Wi 250, T JE s R BRI RO R 3 AP BG BLE
22 U] [t 35 250 T PR ZE K AN BT BT Cu-3.0Ni-0.72Si
G MR ESSRLA 77 OV KA, 1E

Table 6 Properties of CuCrZr alloy produced by up-drawing continuous casting

L Electrical conductivity/  Tensile strength/  Elongation/ Bending
Fabrication method %IACS MPa % failure
Up casting 20 mm—extrusion—drawing d 22 mm— 85 580 12 9

d 18 mm—aging—drawing d 14.5 mm
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Table 7 Grades, compositions and properties of Cu-Ni-Si alloys used for typical lead frames

[33]

Brand Composition, w/% Tensile strength/MPa Electrical conductivity/%IACS
Co64710 Cu-3.2Ni-0.78i-0.3Zn 490—588 40
MF224HC Cu-1.5Ni-0.18Si-0.1P-0.5Zn 685 47
C70250 Cu-3.0Ni-0.6Si-0.1Mg 585-690 35-40
C23 Cu-2.5Ni-0.58i-0.3Zn 780 40
TAMAC750 Cu-2.5Ni-0.65Si-0.12Zn-0.1Sn 730 51
KLF-125H Cu-1.6Ni-0.35Si-0.3Zn-1.25Sn 666 35
KLFA85 Cu-3.2Ni-0.7Si-1.1Zn 800 45
30s 5 min 8h 64h ;
250 (4 ‘('g
(a) '/}/;\4\\ » 50t
O
> }\4\1 < 4
T 200 F $
2 S 401
] =
S 150 3 30
& =
g 8
Qo 5 -~
z —*450°C g —e—450C
m
50 ﬁ/,1 ] 1 1l Ml 10 _/Il 1 ] 1 1
ST107! 100 10! 10? 103 104 ST107! 100 10! 102 10 104

Time/min

Time/min

16  Cu-3.0Ni-0.72Si 424> HILE 450 ‘CAI 600 “C i 2% i) T 3 (a) 1 L2 (b) 25 1k Hh 2515
Fig. 16 Variation of hardness (a) and conductivity (b) curves of Cu-3.0Ni-0.72Si alloy aged at 450 ‘C and 600 “CP**)
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SNDSI B FK K F] 20~30 nm, 1] HRL T2 8] BIEE 55
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TR AE K IE T TR AR LA R B = A T Ak HH R T
R, ZBRCEIEMOIRAS TR T AN /g, A5k
Bl 1) A 37 9, 4. 3 4 /)N o
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TG s o ATt A BRI A, & 1K
AR 28, JRAS IR A A LA, HLAAR A P A
I IX BB KX . 5-Ni,Si Ml( 1 X ) M(Cu,
Ni):Si( 1T X5, 78 T XA Cu & & 7] LLZEE AT,
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B 17 Cu-3.0Ni-0.72Si 4 7EFVA LB G HIEAE 450 CIFAL 5 min (1 TEM 453 (a) B13%HH; (b) XFRif) SAED 7Ekf;

(c) HRTEM & J; (d) B 17(c) P AAEX I FFT &

Fig. 17 TEM images of Cu-3.0Ni-0.72Si alloy aged directly at 450 ‘C for 5 min after solid solution treatment®*: (a) Bright ficld
phase; (b) Corresponding SADP of (a); (c) HRTEM image; (d) FFT diagram of the red-box area in Fig. 17(c)
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KA AR A K HLHT I 20 FToRBY, fER 203,
A& {1103Cu AT T REMYIAEMR T, XL
Fif2 BA SENLSE S50 ReAH. AAHH ) Si ot
FILBMAREE, HAE S Cu JRF AR sk
1 NI Jg FHUAR, S8 B o) B ke R 2 30 R e A
ONipSio M H— A IG ARG, 14T A S
AR R E M SNiSie IXANENILSI 05 Cu ik
BEBRNM SIS EHZEN, SRR ERE TR
(TR, g0 240 8 G B ) il — AN s B )

2 51 SN RGBS TR T 7 ) T A A
2 Fr AR TE B I Z5 4 5 B o 5 T 57 5 1) 7 T ke
TN 7R T S O A L Cu ZE AR AR /)N,
A7 2 AN

CuNiSi R KR il r B BAR I AL 2 —, il
L B BE S A M RESRAT I — D T, f%
LA T2 A AR TR R B ReR
& IR AR ey — b [ 1 BEZOR LA
SIRAT BT B RO IRix Lk i, Ho0 AR R
I I S TR RE RO RN R G2, SRAIBLE: 22
BORMRBL “ B —1ERe” 2IaRARIRKR, (EILHE
fili BBt T BB SN ZR . B vor R AR T 3 A
F IR BRI HLE = 2 ¥k RSE(MLDS), &8 5
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B 18 Cu-3.0Ni-0.72Si &4 7F FVA AbF 5 BLHE(E 450 "CH AL 8 h 19 TEM AP () M55 (b) B 18(a)X k(¥ SAED 1£
B, i HEN[001 e (c) BT 18X I IR, PIBOCIR AL BN 18(b)H LI AL (d) I31Z: () [001]c, 754l ) HRTEM
fEH: (f) K 18(e)ff) FFT 164

Fig. 18 TEM images of Cu-3.0Ni-0.72Si alloy aged directly at 450 ‘C for 8 h after solid solution treatment®): (a) Bright field
image; (b) SAED pattern of Fig. 18(a) along with [001]¢,; (c) Corresponding dark field image of Fig. 18(a); (d) Bright field image; (e)
HRTEM image along with [001]¢,; (f) FFT pattern of Fig. 18(e)
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Fig. 19 Atom probe analysis showing tomography and composition of nascent precipitate ((a), (b)) and coarse precipitate ((c), (d))

(Vertical dashed lines show positions of concentration surfaces)>*

The initial stage The critical stage The late stage

. Aging | . Aging
| ol -
Cu out ,,'l r"
"< Strain field .-~ \ -
""""" . Strain field .- \
. SSSEEE Interface defect
Ni [T Cu
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20 Cu-3.0Ni-0.72Si &4 T HH AR KL AL A5 o 2 B4

Fig. 20 Schematic diagram showing coarsening of precipitates in Cu-3.0Ni-0.72Si alloy™¥
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HAREREZ M MAT G, —HZREABNS N 1.3.1  ALO; JREURIL & &
g —%chk, ks Rk 8 fral. Cu-ALO; IRHURCH & &G H T ERFEE . =
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DU BHZ R B A0 & 4 B AR 5 1 Pl R Ak e
1. HHETFHRE SME, WELERIRZEE5E
PERERULF, HIEEAR 5 Sl iAl . SRS py A 4 L
2 Cu-Al JEIk— 7K 54k 530S 5540 iRy — S AR ) il
HoBAEMEENLFREG SEEMER D & IR
(800~1000 C)N > ->FTHIE IR Z R H—
W25 EHR SR U E S E A B O3
JE B — A R N To— it P

8 WG LA R R R RED)

K 21 FimmA Cu-2.7%AL0;(E 30 & &4
900 °C 1 h il k5 S 28 (10375 5 R 2 TR DA R AT B
HLFATHAERE, WTLVEH, SREUR & &3 R
AEE K EMTREGRILH ALOs KiF, R TESIAE
NIEERR, DECH = AR EANREE, RSFAT
10~50 nm(WLIE 21(a)), HBLIXFHE I ATHERA ALOS Fi
FAE T BORH BT FL R 8 8 I AR HRoRL T KRBT 2 (1)
WOEA K. A A DB RER ALOs KL FA71E,
JFZ18 200 nm(ILE 21(c)), X485 AR FIRLR
ALO; R FE I TAE N A ISR, O Ji kiR i
PHG T H s SRR A R s, BRI,

Table 8 Compositions design and its validation of prediction of copper alloy with high strength and electrical conductivity!*”

Composition designed by machine learning

Target performance
system, w/%

Experiments or referenced results

No. Tensile Electrical Tensile  Electrical
strength/ conductivity/ Ni Si Mg Zn Sn Cr P Alloy strength/ conductivity/
MPa TACS% MPa TIACS%
1* 600 147 039 - 018 0.02 - - Cu-1.37Ni-0.28Si-0.02Mg-0.04Zn-0.04Sn 607 53.0
2" 650 1.85 043 - 018 — 004 0.02 - - -
3* 700 193 0.54 004 0.16 0.09 - 002 Cu-2.00Ni-0.50Si-0.30Cr 700 49.7
4* 750 232 051 004 026 — 006 0.02 Cu-2.20Ni-0.42Si-0.08Mg-0.30Zn 720+12.2  49.540.5
50
5* 800 300 060 - 016 — 015 0.03 Cu-3.00Ni-0.60Si-0.16Zn-0.15Cr-0.03P  775+10  48.0+0.5
6" 850 355 077 0.09 022 - 0.08 0.09 - - -
7 900 425 091 007 0.07 - 0.6 0.11 Cu-4.00Ni-1.008i-0.10Mg! 951 44.0
8" 950 461 092 0.11 0.08 0.13 020 0.13 - - -
#z9 RHEGRLEE SRR
Table 9 Properties of dispersion strengthening copper alloys
L. . Performance
Fabrication Composition,
o State Electrical Reference
methods Vive o,/MPa 092/MPa  Elongation/% o
conductivity/%IACS
Cold worked 503 - 10 90
Cu-0.2%A1,0; 420 °C,1h 441 - 24 - [36]
925 C, 1h 393 - 27 -
Extruded 393 324 27 93
Cu-0.7%Al1,0; 650 C,1h 393 324 28 -
Internal oxidation
980 C,1h 386 317 29 -
method [37]
Drawed 572 545 16 83
Cu-2.7%A1,0; 650 C,1h 524 486 22 -
980 C,1h 496 455 22 -
Cold worked 628 - - 87
Cu-2.65%A1,0; [38]
1000 C,1h 560 - - 87
Mechanical Cu-1%A1,04 Extruded 225 165 - -
[39]
alloying Cu-3%Al1,0; Extruded 210 125 - -
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(444}, 10,
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{4003}, A10,

{440}, A10
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BASE Cu-2.7%AL0; JREAAN) TEM S, (a) ALO; FIFIEHIEMA T 440 1 TEM FBH (b) B 21(a)fikX

firsts (o) MK ALOs KL FAE R FAL; (d) P 21(c)BEXATHT: (), () 900 ‘CIRJCRZ T TEM i 41
Fig. 21 TEM microstructure of annealed Cu-2.7%Al,05 dispersion copper*”’: (a) TEM images of Al,O; particles distributed in

copper matrix; (b) Selected diffraction of Fig. 21(a); (c) Thick Al,O3 particles at grain boundary; (d) Selected diffraction of Fig. 21(c);

(e), (f) TEM images of copper alloy annealed 900°C*"!
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Sy REBE), # G| R T . & 10 B A E
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Fig. 22 Creep curves ofCu-2.7% Al,O; dispersion copper

under different loads and temperaturest*!): (a) 400 °C; (b) 700 °C

= 10 Cu-2.7%AL0; FRECEIA ERE T SR A R &

AR Ay ot
Table 10 Steady creep rate and loading stress of
Cu-2.7%Al,05alloyat different temperatures™
400 C 700 °C
o/MPa éls! o/MPa els!

118 52%x107° 49.6 3.6X1077

146 7.6X10°¢ 59.8 1.1X107°

167 42x1077 68.8 3.2%X107°
AR S THEHL ne
lgg=1lgA+nxlgo 2)

FH 7 FEQ) AT, R B RS A 5 AR R R Xt
JSL f) B g AT DLE i — A RO % 28 ok & o (L B
238N, WTLLEH, fEF-—EE T, TREGRI 1R /)
gk Iz iz KT AR T, ARSI AR A8k B LY Al 4R 1)
N AT R PG R S A AL, AT R

$eiH . 400 CHY, SREUHR MR I TR 5L 7, Xf Wi
LAY BOHG A . 700 CIF IR 18 EZN
5, HN BRI i S BRI AR SRR
& < A NSRBI/ ALO; L1 s AL A A
LA RIETSLALRT, FHASAATROME T, RIS s FE (1A
R0 B SR AT RT LASR e AR G RE . REAT R MR
YRR, NIEE AR A @,

1072

—A— Cu-2.7%Al1,0; (700 C)
1073 F —v—Cu-2.7%Al1,0, (400 C) «
< Pure Cu (700 'C)

10} —»— Pure Cu (400 C)

3
8
£
£ 107k “ N
- 3
210 ! /ls &
g 107k « (I,
o ‘
10 ] " | A7
v
10° 10! 102
Stress/MPa

& 23 Cu-2.7%A1,0; FEURTE 400 ‘CHI 700 C FRAIHA
R ¢ FINARRE F7 2 17 F) B0 S50 26 5% 2R 5 4l L Y
Fig. 23 Relationship between steady creep rate and loading
stress of pure copper and Cu-2.7%Al1,0; alloy at 400 ‘C and
700 ‘C14

AL ] LA Z AR AR LA AT - 18] 24 B e
B HERAS. ERIR A Cu-2.7%Al1,0; IR
& IBE G T B EHRIST ., AR TR B P B A
KENHE, XEABI 5= L PN A B, =%
FEMINLAR EE T A T A4S M2 2, A0 5 M v 4B 77 1
P o RO A7 B HBERL IS, PRLEE Py (07 FE g 25 ™ =
TR AN S E NI 5 ¥ R B 1 o G
KR ALOs KiT-o KE A BIALE7E LA Bl s
eGSR 13, PR R AR N ). BAREH TR
RSO IAAAE, Re A BRSO IR, B
TER, HRTE SN S AL AR B8 S N N 77, 3 R A
LR LR TR ERA . 600 CIB K HALFRT,
SRR PRI U R A Rl R R . 7 S IR S A KSR B
S, AR AR B PN JRA T B R A AL AR RA T, AN A
BEWG 5 T 4683, i 6 Mo BE AR, ALt T2 3
YRR IFHASER, 1ZahERA R, JLAHEZH
(RIS 485 S LT RS S I o o7 485 3R 45 B 22 (1 BR B 742 i
PRI ALOs KL THIETHL, MmN MuEEIZS), S
BE RS A4S EL5, BN A AT B . 7075 AR A%
RS, BT ZBSNIRER, A B IG5,



2529 B 9 W

% B, % mie RS SRR it AR S %

2031

DALk 5 40 [ T R PR AR AR LG, 7 i P o i
WG, FAMIERE ALO; B MK, A4
55 I B RGRARE . XU IR AR e — AN e
FHIRF AL 5 I TR S [FEAT IR AR

LT =B, SRR R BRI & 4
()38 16 2 W oF, B FE 4R 15~30HVI
Cu-0.23%ALO;(7FR 75 %50 TR 80 A0 A & 4 2 i F
RIRBEAEIG, SR BB 7 m i B K,
PN B A R 2 IO A . A gLl L o B i S Y 4G
Mo EERDHEE ST, EERMEM LN Brass
{011} (211) A HTZKY Goss {011} (100) , 11 75 AR
BEwT, FEILMEHFZH Brass {011} (211),
T2 Goss {011} (100) AIBITIZ S {123} (634) -

(2)

+ Dislocation cell
5

FIART A SRR S KK

B 25 s A Cu-0.23%A1L,0; SR HUR AL A 4 I%
T AETE 80%J5 EBSD dith B i) Ji A% B S AN [F) L BE T A%
T Ja S AAR 23 Bt AR Ak B, AR 5 RO 2 21
TREA T IR KAL) SR RS A 510, (Hi /N i
BLRSF/ANT 1 pm,  EIXFRAH R BT o5 UK.
EBSD R B 20 A5 B AT 401, SRR IEABE AR TE 80%
Ja . K& SRR (101) AT TR, /T 1 pum
147 B T o PR R0 95%, /N3 FEE 5 SR o L 451 24
N 60%. il i B 25(b)K AR5 BT Cu-0.23%A1,0; 5K HL
SRR A S AN FHEE T2 TE 80% 5 5 SV 4 4y IR AR
AR . ALO; GUKRLFET FLA A 00 ) o7 48 22
%, ZRBETIEA ST IR Brass Al

Bl 24 A LA A AR SR B g B R (@) W (b)) 600 ‘CIRK 1h; () 600 CUFAZIRK 6 h
Fig. 24 TEM images of cold forged sample and samples under different treatments'*”!: (a) Cold forging; (b) Annealing at 600 “C for

1 h; (c) Creep annealing at 600 ‘C for 6 h

— [\ N N
W [} W S
T T T T

—
(e}
T

Fraction of texture compenents/%

(9]
T

)

-

(b)

[ Prior to deformation
[ Cryogenic temperature forging 80%
[ Room temperature forging 80%

I

Brass
{011211) {011}100) {123}(634) {100}<100) {l112)K111)

Goss S Cube Copper

B 25 Cu-0.23%ALO; VREURA & SRR AL T 80%)5 EBSD St In] AR Il (a) S AN [FIIR & AR T il Ja SRR AR AR 23 30T

A5k (b))

Fig. 25 EBSD grain orientation image of Cu-0.23%Al,0salloyafter 80% ultra-low temperature deformation(a) and changes of

texture volume fraction before and after deformation at different temperatures(b)!®
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2K Goss. AT, {EHMRIRBELLGE&F, @R
F ALO; 9K RL 4T FUAL#E — 2 e 5] 400 1) Ao 5 58 0
%, MITTE A H7 23K (Brass), = 4 230 (Goss) F1 B
PIZR(S). XUt B IRIR A R T & SR i fE g
B VI ().

1.3.2  TiB, iRBURA & 4

FHEE T Cu-ALO; WRE#EILAN &4, Cu-TiB, VRHL
SRALE A & BRG] TiB, B M, &5 T8
H N T o Cu-TiB, R B A & 4 1 i il 2% T2 AL
WAL BRE. BREGE L. Mixalloy ¥
SR FTAINASF T2 % (1) Cu-TiB, ik LRk
& e PERE .

R AAR S5 B JFE AL ) 4 1f) Cu-TiB, &4 B AR 71
CrbrERe, HTAERIWT: 208 THA R
Cu-B 5 Cu-Ti B & &AM GGG, @
T A i S K R TR R TE A T A T LR T VR 5
RATFAL N, RV I B <5 0 R R 8 I O AR I L

R SR LZHIEN Cu-TiB, IRHURAH & 4 P 6E

(Ti+2B—TiB,), TEMAHIEAL TiB, 49K T, /5 H
WIS, TEIEKA B s . B E AN
AT BRI A SN2~ AT . R I3 A TR N 28 ) (o
BR B, POEREE S E . B ARG SR RAL R
JSL 38 VB TH I A 5 W 2% A 126 4R 1 JE U 2 R A Cu-Ti A1
Cu-B PSR LR UIRAS 7R/ B AR A, LR AR AT fg
BIEI7 o R RN, A BRI TiB, ki1, FRIE
Cu-TiB, & & IR KGR T iR R

Kl 26 it ARG AT T 3451 Cu-0.25%TiB,(Ji
BEHE)ESHIULME ARG SEM £, &4+
TiB, Fi T BIEFMK RIS, HKEKENT 50 nm )
TiB, Ko, Ui B & BRI SN 4640, T RAS 22385
1M TiBy KLF4I/NE Cu-TiB, &4. K 27 B A
FEIR A JEAL I N i £ 1) Cu-TiB, & 41 TEM 45,
FARHAELE 40 nm A2 A5 ERIRIRECRL T, HAEA X
B IR LR GROR L RO A I A R . AT
SR — AR 2 N, XIXLEATH 2 bR E, 1T

Table 11 Properties of Cu-TiB, dispersion strengthened copper alloys prepared by various processes

Performance
Fabrication method Comp(lsmon/ StaF ¢ . Electrical Reference
Vi% (annealing’C) oy,/MPa 002/MPa  Elongation/% conductivity/
%IACS

Extruded 502 422 - -

Mechanical alloying ~ Cu-1%TiB, [48]
900 C, 1h 456 394 - -

Carbothermic process Cu-3.5%TiB, Extruded 637 510 7.4 64 [49-50]

Mechanical alloying ~ Cu-5%TiB, Extruded ~1000 ~800 - - [39]
Spray deposition Cu-26.7%TiB, Extruded - 150 - -

Reaction spray ) [51]
» Cu-26.7%TiB, Extruded - 262 - -

Deposition

Cu-3%TiB, Cold worded 455 434 16 83

Mixalloy ) [52]
Cu-5%TiB, Cold worded 675 620 7.0 76

um

B 26 UG I & R & CuTiB, &4 SEM %) (a) {5+

(b) mifi

Fig. 26 SEM images of Cu-TiB, alloy prepared by mixed reaction of double melt™ (Condition: Sy/(S,+S,)=1.0, Lo/Dy=12, 6=75°,

temperature of 1400 “C, 2.5 atmospheres): (a) Low power; (b) High reaction
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B 27 JRAIEA Cu-TiB, M TEM & (a), (b) M%: (o) ATFAERE: (d) 1EREbRE
Fig. 27 TEM images of in-situ composite!®”): (a), (b) Bright field image; (c) Diffraction pattern; (d) Calibration result of pattern

DA A€ S ST HEAH 9 TiB, AH

Cu-Ti Ml Cu-B BUA A JF A7 [N #4 ) 20 FE 3%
B, JEA NP4 TiB, A5 TiB AH S AT 711 75 A
H HIfE, {H TiB, M AE R A, TiBy AHARXCR S AL
SN A A ) E B SR AL AR . Cu-Ti AT Cu-B WA M4 J5
ALAE B TiB, R T2 LA IR T R 3, BUR IS A4
RIS Z , TiB, B F IS E s, s
T A KR TiBy ki 714

Cu-TiB, SREHRAAR G 4 1) 32 ZEom AL 48
sEAb ORI B A AT IR R L2 R
P2 AR AR SR AR I O B R o DR BSOR A Xo 5 T )
DURRBE TiB, S &2 A NG K. M50 Cu-TiB, JRHK
SRR & 4 1 HL S R R R RN MR
VAR JEE Tiv B PLA TiB, Fi 11 e by R~ 250530,

2 EBEasHEEeE

WL S S ARE, I AT Cu-Ni-ALL
Cu-Ni-Sn. Cu-Ti 5§, #B&HA T i M DTie s b (45

VR 23 ) SR SRAT R 1) o Sl A 4 Ak, R A BN AL
AL PR LR AR 5 < 7 AR R R AR s AR T
M AR £ < 3R A A2 8 v (R S P o ] P o SR ]
&SRtk 12 fra™ P,

21 BEBEREEeE

B G H A R ST S R
it B W€ PUPEsT TaRLTE AR St AN P2 A
TER RINLR AR, R “HIEREE8Z £,

Cu-2.0%(TBe2.0)(Jit & 73 %) & 4= [ I 28047 ik
TS, RIE 4 320 CRAIHAF N: GP
X —y"—y'—yo BRI, i 5 o g 2
PLHEAT B HOME RS B X, RA RG> AR, WAk
PRI {100} THI_EIE AL T 2 BUIR I GP XA [ AR 4544 o
s BHER R R EK, GP XA K, H y i
BHTEAC AR 7, Wil 28 FrRP0. A4
FE RN 5 HAR SR AR IEAE A, SR I
ROIFEFSREE . PR MR EERE, H g
AL AT AR AR N LB A S HLEE . % 13 FTih
TBe2.0 &4 fE ANl % T2 F 15k ael7
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W Niv Con Mg FH&mER, RAFERLN
R AL AR SIURBU M PE R, R SR & &
grAVERE R B MBUR . BN Ni TR W 5 Be 1
Jif NiBe I NisBey A, HEH 4 = B i & & U TE 7
AP 546, W In Ni seRE W f# Be 7E o-Cu
A A T R AR FE T 1, P B SRR AE A A rh T R
YUK B IRE AT NiBe A, [ HIE—EFEE LR
AR Be &, HEME SRS &M AT
HPERE, W 29 AR, N Co JEE T 5 Be LR
CoBe #ll CosBey AH, il iy A ELEAT H, BHAGHTH
FAMEAR SRR, RSN, BERESA
S IIMT H BR AR RO,

B G G M B AR MG G “ RS e -3 5
A AR PR AL B THT —RE L[ VA A LI k0 2R
7E, AATERAEK . M RIG. AR, PR ES
W], BN IR, #RA A 5 Y (Heating-cooling
combined mold, f#F HCCM)/K-Fi%E4% T2, wri|
T B SO AN = A AR S A A B AR S
e, G EARRR I IR, TARE
THI Ah FR B AT KA T &V N LU

w12 [EAS R AL G S R )

Table 12 Properties of typical traditional copper-based elastic alloys at home and abroa

2.2 #B55% Cu-Ni-Sn &%

Cu-Ni-Sn RA &8 T A B flE > i i &
Go HAEEEE. Sk, RIS R
e, JoEE H ARG s Je S o Tl s
A R R R ik RV B AR
R, BB BT, &R IR AL e A,
] LA B8 A T A PP AR AGR AT T Tk
&SR U T A

WK LA S ST &1 iR TR
1414, fE—u By, &45mE. MR Niv Sn ot
SRR, RN TR, 2 Ni TR
()5 B A HOHE I 15%0, A& MRS IRSs, &4
TR e LS R I R

Cu-Ni-Sn RA & 5 KA At AR s wtT, &
RN Siv Al ZFonEmiER T TER . R
30(a) A1 30(b)FT7~ ) Cu-15Ni-8Sn-1.0Zn-0.8A1-0.2Si
RS AR B SRR AT W F], &40
AHLEEAR ElH 3 AN R RIrROEA B K E
BRI, AR A I B e A RN A (A 2
SEE/NCE IR DN

4219

0y — O] 0y — O]
Properties o,/MPa 6/% HV i‘;ﬁf;/ El;/}g:/ OTOk x100%: OTOk x100%: (léezﬁltf I;;i/)
100 'C,100h 250 C,100h

QBe2 1125-1568 1.5 360 900-1150 120-130 3 25 0.07
No.131 1176-1225 2.5 330-360 900-970 140 1 3 0.13
No.538 1274 2 380 950 140 0 2.5 0.23
Camilo 1470 1.5 420 1100 145 0 2 0.35
Kamilin 1100 4 310 800-900 120.5 1 4 0.15
No.156 882-980 2 250-300 800 120 0.4 9 0.22
15-20 784-940 0.5-1.5 230-270 650-700 110-125 3 12 0.26
30 1200-1250  0.5-1.5 360—400 1100 140 1 7 0.22
6.05-0.1 670-920 2 100-220 45-550 100-110 1 15 0.15

FT 13 TBe2.0 A& LEA RG] & LT iRl

Table 13 Mechanical properties of TBe2.0 alloy under different preparation processes

[57]

Materials state Tensile strength/MPa Elongation/% Vickers hardness
Quenched 390-590 =30 <140 HV
Quenched+processed =635 =25 =170 HV
Quenched+aged =1125 =2.0 =320 HV
Quenched+ processed+ aged =1175 =1.5 =360 HV
Workedhardable 660—900 =2 =150 HB
Aging: (320+£5) C, 3 h 10001380 =2 30—40 HRC
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28 TBel.7 A4:7E 325 CIN ALK TEM GAXROENX i FATHHESY: (a) IR 1h; () FRIE 2hs (o) PR 3 h; (d) iR 8h
Fig. 28 TEM images of TBel.7 alloy aged at 325°C and corresponding SADPY?!: (a) Insulation for 1 h; (b) Insulation for 2 h; (c)
Insulation for 3 h; (d) Insulation for 8 h

(a)
1000 - Cu-0.4Be-1.5Ni

800
000

600 |-

400 |-
Cu-0.42Be
2

00 L L I Il 1
Before 350 400 450 500 550
aging Aging temperature/C

Tensile strength/MPa

& 29 Cu-0.42Be fll Cu-0.4Be-1.5Ni & & i 2 f2 i BE AR AL 28 A0 TEM IR A TOY: (a) SREARLHRZRY; (b) Cu-0.42Be &
4 TEM &5 (c), (d) Cu-0.4Be-1.5Ni &4 TEM R H

Fig. 29 Variation of strength and TEM images of Cu-0.42Be and Cu-0.4Be-1.5Ni alloy during aging!®"): (a) Variation of strength
with aging time; (b) TEM image of Cu-0.42Be alloy; (c), (d) TEM images of Cu-0.4Be-1.5Ni alloy
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Table 14 Properties of several common Cu-Ni-Sn alloys!'* ¢!

Brand Composition Tensile/MPa Vickers hardness, HV Electrical conductivity/%IACS
C72700 Cu-9Ni-6Sn 1110 387 12.01
C72850 Cu-12Ni-8Sn 1150 396 11.05
C72900 Cu-15Ni-8Sn 1220 434 7.88
C72950 Cu-21Ni-5Sn 1040 328 5.36

N T H R SRS URATA Sn 8 mAT, FFR T
— MO SR K . B e R4S (830 C, 2
h)+(850 C, 2 h) 2B K T2 )5 i #2844 A ZH 2R R
AT B 31, AR AL OSR]I, Sk
HLGH /N5, RSN 20~30 pme

Cu-15Ni-8Sn-1.0Zn-0.8A1-0.2Si & & 444E4(830 °C,
2h)+(850 °C, 2 h)IX I MR K AL B 5, BT
AL RN T0% I RFLALTY, BE#ET850 C, 1 h)
(R VA AL, KA S ) SR A B A 2R s T 1
3204, A& Y O N RAL, A4
T IR KZE SR AN ANAS PG dh,  FRAS Bh AL R 48
No KGEVERSK) Cu-15Ni-8Sn-1.0Zn-0.8A1-0.2Si &4

B30 Cu-15Ni-8Sn-1.0Zn-0.8A1-0.28i £ & A HCAAEHL T
A SARIE A, (a) 50 £ (b) 500 £

Fig. 30
0.8A1-0.2Si alloy at different magnification!®: (a) 50 times; (b)
500 times

As-cast metallographies of Cu-15Ni-8Sn-1.0Zn-

£:(400 °C, 30 min) T 2+ 60%4 522 FE+(450 °C, 2 h)
TR b FE 5 & 4 AN 9.64% TACS, PLfiimfE
1090 MPa, JEfRIEE 1010 MPa, i3 4.80%!%,

Cu-15Ni-8Sn & &ML= EZEAFGLU T 5
Fplo) JHIEALZL. DOy A 745 (CuNi);Sn. L1,
A7 45 H(CuNi -,);Sn DOs 2544 1) it I A& 0T H 4
y M AL HDIRALZ o 41

Kl 33 fizn N Cu-15Ni-8Sn & & 4 4:(400 C, 30
min) i 20+60%7% FLAZ TE+(450 °C, 2 h)if &b 2 1)
SR S AR, AR SR K T
L BARZEAZURIE, B AR RS RN AT LA g
K, EARIESESREMRTIRT, TRERSASE
ey ik 1071

T G AR G AR TR AR 0 1 5 I S AR AT
B ARAT, R ARG &M 77155 % Cu-15Ni-8Sn
Al Cu-15Ni-8Sn-0.3Nb FFh &4, HARKH]& T2
B EIRIH-FAHIR -850 CHT R -HE-830 CH
B & — e B — I 2% 34 fli7nN Cu-15Ni-8Sn F
Cu-15Ni-8Sn-xNb [EVEZS 54 400 °CHF280CA [F] B ] 1)
J1%EERE, RRENIN Nb TG 5 A 4 10 o B A 98 1 #
BRETHE,

B 31 AE&HEEL(830 C, 2 h)y+(850 C, 2 h)W Iy SIMLIE
AL 1 4 A AL O
Fig. 31 Metallographic structure of alloy ingots treated by

(830 C, 2 h)*+@850 ‘C, 2 h) double-stage homogenization
[64]

annealing
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32 AERELEKEESSHHASBATY: () il
(b) T (c) %L

Fig. 32 Metallographic structure of alloy in hot rolled state
and solid solution state®): (a) Section; (b) Side; (c) Rolling
surface

& 33 Cu-15Ni-8Sn-1.0Zn-0.8A1-0.2Si &4 4(400 C, 30
min) T 2+60%74 FLAETE+H(450 °C, 2 h)R RUACBR FiE S H
TR

Fig. 33 Transmission electron microscopy of Cu-15Ni-8Sn-
1.0Zn-0.8A1-0.2Si alloy treated by (400 ‘C, 30 min) pre-aging+
60% cold-rolled deformation+(450 °C, 2 h) aging!®¥

Wi EPMA T $3%F Cu-15Ni-8Sn-0.3Nb &4 1)
Nb JCER AT T 3RAE. Bl 35 BG4 850 CIH
WALEE 1 h IS HU TR SRR Nb JoE i
KOS, AR S, Nb G R VREL (e A Sk k.
ZHNb JTLRS ML, BN RSN A (U A a
FiR): DHUNb TR AALE T A, BN S R AT HIAE
(Wi b FiaR). 12 E Nb AHTE S S5 N Akt ) T
P R R IR F o

I AP EH B AR AR RA IR AR, O

1100f —— Cu-15Ni-8Sn-0.3Nb |0

./'\;r\'\ —a—Cu-15Ni-8Sn
o . 125
900} .\A

>

PP

& == {0
= 2
7] L <
g 700 . - s %

500 . N

LN " A___/—f_—_‘_ 110
L L 1 ! L 5
=00 0 1 2 3 4 S
Time/h

& 34 MrRiEE& IS Cu-15Ni-8Sn A1 Cu-15Ni-8Sn-
0.3Nb & 4 fgled!

Fig. 34 Properties of Cu-15Ni-8Sn and Cu-15Ni-8Sn-0.3Nb
[68]

alloys prepared by powder metallurgy

35 Cu-15Ni-8Sn-0.3Nb &4/ SEM 71 (a) 850 ‘C
[ 1 h J5 R BN T8 (b) 18] 35(a) 0 REfKT Nb JE K 43
A

Fig. 35 SEM images of Cu-15Ni-8Sn-0.3Nb alloy'®:
(a) BSD image of alloy solid-solution treated at 850 C for 1 h;
(b) Corresponding Nb element maps of Fig. 35(a)
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2] LR AL 48 H Cu-9Ni-6Sn A Cu-15Ni-8Sn &4
WM AISEA

23 @BERCu-TigdE

Cu-Ti REEREMNBMEE, BARK.
Fin k. HARMPIEIEGE. mE R T
R KM T, rhibl A=A kik. Cu-Ti REE
G AR5 SRV ) 2 R RE AR 15 BT,
15 iTAL ZRAGEWE R, HBFRMIE, ALt
Wit T Cu-2.7Ti-0.15Mg-0.1Ce-0.1Zr & 4 (Jii & 7>
e, %), FRm AR T 2RI A S
. AFAEE T 2% T & &M 1R S )
Ao Sl T 36 A 377, & 44 830 “C &AL
FE 6 h+450 C il %% 6 h+90%74 % +400 CHI %L 6 h, &
&S HEN 22.1%IACS, FLHLHEE N 1090 MPa, &
JRIEFE 1030 MPa, K2R 4.5%, & & ERE
BRI T, R EERAT,

K] 38 izl Cu-Ti &4 1E 450 ‘CTHT 2L 8 h J5,
£ STEM 5 F W %2 3 S0 70 1) & 7 B2 3R R IS 4 4%
(HADDF)FUC R AR, w5 B IR IS 37 15 0
R Z A BEAG ST I, BEil M gk R,
B Ti XA Ti X R E 2 X P Rk 73 22 S5 10 s A
IR E AR Spinodal AR T E Ti X P=AE MR
RO, AN Cu-Ti &4 e K& El— N E A8
HAEMIERE, RN RBmER. AR EEREE T
FIKFEE F AR AT . AR —Tres, R
AR SR AZ HAE 520 T /¥ Spinodal 73 fif ik 23 T2
AR E Ti XK

K139 A 450 ‘CTII 2 8 h JG & &I 4 HE i
ST AR (HRTEM) 7Y, PR IEAE p-Cu,Ti $ikE
BRI TE Ti X

HELET, 90%A LG, FAE 400 CHRL
PR, I T A A FRZHZR, 7E 400 CHY
8 h, HRAZIRSTZH 160 nm,  [F]E AT H AR KL

£ 15 Cu-Ti(2.7%~3.5%) & & HERET
Table 15  Properties of Cu-Ti(2.7%—3.5%) alloys!”"

TFRURAHTHOLE 40)770, 285 4 DU &4
AR AN RX — A N R L 2 AT AL BRI, AR TR 2%
(1 TR A R AT H A 5 e A Bl i ) 9 AR T+
AL RE A, TP 5T R SR ZL AT FLAL R A

400
350
- 300
on
5250
o
'{% 200
T —e— ST+AG(400 C)
1500 .. 0 ST+90%CR+AG(400 C)
-——v—ST-H450 C, 8 h}+50%CR+AG(400 C)
100 - —-—a— ST+(450 'C, 8 h)+70%CR+AG(400 C)
— -8 — STH450 C, 8 hy+90%CR+AG(400 C)
50 1 1 1 1 1 1
0 5 10 15 20 25 30
Time/h
B 36 AS[EH B B T B I SO T REK: Cu-Ti & &Ff

ot 8L EE Fr) A A )

Fig. 36 Variation of hardness of Cu-Ti alloy samples with

aging time under different aging treatments!”

[\
[o)}

—e— ST+AG(400 C)
| 0 STHO0%CRAAG(400 C)

[\
(93]

[\
S

—
W
T

—
(e

{ -mgm ST+(450 °C, 8 h)}+50%CR+AG(400 C)
S —.ca— ST+450 C, 8 h)+70%CR+AG(400 C)
— -8 — ST+(450 C. 8 h)+90%CR+AG(400 C)

(9}
T

Electrical conductivity/%IACS

S

(I) 5 10 15 20 25 30
Time/h

B 37 AS[EIES R T B RO R AE K Cu-Ti & 4%

sl B [ AR A7)

Fig. 37 Variation of conductivity of Cu-Ti alloy with aging

time under different aging treatments!’”

Brand State Yield strength/ Tensile strength/ Elongation/ Electrical conductivity/
MPa MPa Y% %IACS

EH 900—-1050 970-1100 6 13

YCuT-FX SH 950-1150 1010—-1200 3 13
ESH 1000—1200 1050—1250 - 13

H 810 835-1030 8-25 12

YCuT-M EH 900 885—-1080 5-20 12
SH 990 9301130 3-10 9

H 1220910 885—-1080 3-20 12

YCuT-F EH 1020 980—1180 1-5 12
SH 1160 1030—-1290 - 9
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& 38 Cu-Ti é‘*é?ﬁﬁhlz):?a%ﬁ@ﬁj‘mmﬁ%%%@%{VO . (a), (b)450 °C, 8 h THH B &4 B PR NS 115 (HADDF);

(c)» (d)450 °C, 8h Tl A& & yn 3R I AEIE ML Z2(EDS)
Fig. 38 Images of Cu-Ti alloy under scanning transmission microscope after preaging!”®’": (a), (b) Observation of high-angle
annular dark field image (HADDF) of 450 “C, 8 h preaging alloy; (c), (d) EDS observation of alloy elements preaging at 450 ‘C and 8 h

39 450 CHiH Ak 8 h J§ Cu-Ti & &1 4% e e i g1

Fig. 39 High-resolution electron microscope observation of Cu-Ti alloy after pre-aging at 450 C for 8 h{""!
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Fig. 40 TEM images of 90% rolled Cu-Ti alloy treated by aging at 450 ‘C for 8 h+90% rolling+aging at 400 ‘C for different

time!”": (a) (400 C, 0 h); (b) (400 °C, 4 h); (c) (400 C, 8 h)

16 [FIE A Cu-10Ni-3A1-0.8Si 52 AN ) T AL T T A0, JFAE 450 C IR A RIS 1) i FA B2 A1 H 2720
Table 16 Hardness and conductivity of Cu-10Ni-3A1-0.8Si alloy after different pre-aging treatments and then aging at 450 ‘C for

different time!?

ST+CR80%+450 C

SS+(450 C, 1 hy+
CRS80%+450 C

ST+(450 C, 8 hy+
CR80%+450 C

ST+(550 °C, 15 min)+
CR80%+450 °C

Preaging Electrical Electrical Electrical Electrical
process Hardness, ectrl.c:? Hardness, ectr%ca'l Hardness, ectrl.c:? Hardness, ectrl.ca.t
v conductivity/ HV conductivity/ v conductivity/ Hv conductivity/
%IACS %IACS %IACS %IACS
0 min 285.5 9.1 307.3 10.2 320.3 11.6 311.7 11
1 min 343.6 9.4 363.5 10.2 369.9 11.7 369.6 11.2
5 min 353.5 10.4 368.2 10.9 369.1 12.3 357.9 12.2
15 min 366.7 11.2 360.5 10.6 366 12.9 354.5 13
1h 3542 12.6 346.8 13 341.6 14.3 347.6 14.2
4h 316.4 15.1 3134 15.8 309.9 18 327.7 16.1
8h 301.2 18 305.5 18.2 294.8 19.3 3125 18.4
24 h 247.6 21.2 240.4 21.6 223.1 22.8 249.7 21

* ST refers to solid treatment; CR refers to cold rolling.
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41 B NREEZR Cu-10Ni-3A1-0.8Si( i & 4
B, %)E4EAE 450 CHRL 1 h JGHIWISE, BTATE
TERE K HHETS . AR (LI 41(a))FIHH R ¥ HE
THTEHIEREOLIE 41(b) ()T 5N, & 4Rt b Hy
MRS L1, A FEM I NALH ARG DO, A7
ZiN O-NiSi Afle B =i AT (LI 41(d)) T %,
Ni;Al F 6-Ni,Si #7 HiAHY) 5 B R FRSLA, ek
ZZH 4 nm.

Kl 42 B RIEERS A 4AE 550 CHY 2K 30 min 5
(K137 R , 0 TATSHERE K m o R B, B 42(a)-
(b)FI %, 6-NiSi Fl Ni; Al AHAFEfAHHT i, H 6-Ni,Si
HAZFE R 6001454, NisAl HLEA A T H
2o B 42(c)F(d)FTRI R PR R 6-NiLSi Ml
Ni;Al 13 5 AR RFF LR, KR 208 15 nm Al

8 nm.

2.5 Cu-Ni-Co-Si &%

TEILA A8 =158 5 B 42 7 (0, = 1000MPa), & 411
SRR 20%IACS, NI T —RhaR A
1000 MPa, 5 HL% =30%IACS ) Cu-4.5Ni-1.2Co-
1.0Si-0.15Mg(JR &5, %) &&l. & &4 8P
LB bt 250 [ R4 Bl i3k 17 AR 18 st

Cu-4.5Ni-1.2Co-1.0Si-0.15Mg & & 28 i XU i 285 H
SAEMREES THRANBENEGE. A84LRgM
WU R FR S, i R B AT L AR A A, X
2 BT VA FLI R A 51N 1 it BRI T A% A0 B AT DA AL
HESE ZAHBIATH o TOBUZR B 20 T 20T DK X — 30N A
Kb, BT A e tERE . R BN T4
5L70%, 400 CH#L 2 hyd, &&Hird 740/ rss
THRRL, IR R AT DA R0 BELAS B i BN
RN A 1 [ A2 R P55 i, A4 IV 45 R iR A S8 S 1 5
[FI, 28 B AR TR At e SLRERE— PR ik 38 —AHPERS
ROLFEF RN, (G &R SRR FEe & . A
Eb 5 B R T2, RIS R AR 143 A A
A, RSTHENGH/N, aB AN TR AT
Cu-4.5Ni-1.2Co0-1.0Si-0.15Mg & 4 [ ¥ &b 7
Ji, B EAEE 70%+400 CHERL 2 h+A %L 70%)5+
450 °C NI R FRIE B T BB IR A n B 43 TR,
IS R[] 10 min B, 7E B384 R] DU 2K &)
RLEE (WK 43(a)), [AIF7E 0 g 1% b rl DU 3
(Co, Ni),Si K+ fIAT HH (L 43(d)). 4T R )24 20
min, 53R R] DUE 2K EHIAAS 2 28I 43(b), (),
AL AR ELAE SR AL S A R 8 RATI SR AEAE, RIS
A LAE BIHOIRZEZR o 7EIS 2 20 min J5 o0 B R]

41 Cu-10Ni-3A1-0.8Si & 4:1F 450 ‘CHFAL 1 h JHE S BIR AT (2) BI3M%: (b) HYE[001 ], 5 il (1 BT AT ST AERE
(c) WHAE[101]c, 7 f B F-TAT S AERE ;s (d) NisAL (7R 70 HHE A NipSi (573 HH4

Fig. 41 TEM images of Cu-10Ni-3Al1-0.8Si alloy aged at 450°C for 1h!2: (a) Bright field image; (b) Corresponding SADF along
with [001]¢,; (c) Corresponding SADF along with [101]¢,; (d) High resolution images of Ni3;Al and Ni,Si
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42 Cu-10Ni-3A1-0.8Si & 47E 550 ‘CI AL 30 min J& (FIEH RUBEHE T () 913715 (b) WA (110 ], Bl ) Pl T TSR TERE
(c) il NiAL B 70 HHR: (d) d 9 NioSi B 70 R

Fig. 42 TEM images of Cu-10Ni-3A1-0.8Sialloy aged at 550 ‘C for 30 min"?: (a) Bright field image; (b) Corresponding SADF
along with [111]¢,; (c) High resolution images of Ni;Al; (d) High resolution images of Ni,Si

R17T YN ARG Cu-4.5Ni-1.2Co-1.0Si-0.15Mg & 4 fh45a a7

Table 17 Properties of Cu-4.5Ni-1.2Co-1.0Si-0.15Mg alloy after single aging treatment!’)

Specimen state Hardness, Electrical conductivity/ Tensile Yield strength/  Elongation/
HV %IACS strength/MPa MPa %
ST+CR70%+(430 C, 240 min) 304 26.6 936 905 4.1
ST+CR70%+(450 “C, 60 min) 311 26.4 959 917 39
ST+CR70%+(480 “C, 60 min) 302 26.8 945 905 3.9

F 18 NI AL H S Cu-4.5Ni-1.2C0-1.08i-0.15Mg & 4 (145 & v g™

Table 18 Properties of Cu-4.5Ni-1.2Co-1.0Si-0.15Mg alloy after two-stage aging treatments!’)

Specimen state Hardness, Electrical conductivity/ Tensile Yield Elongation/
HV % IACS strength/MPa strength/MPa %
ST+CR70%+(400 C, 2 h)+CR70%+(430 'C, 30 min) 324 28.9 1083 1056 3.6
ST+CR70%+(400 C, 2 h)+CR70%+(450 'C,20 min) 329 30.1 1111 1086 3.6
ST+CR70%+(400 C, 2 h)+CR70%+(480 ‘C, 5 min) 323 29.6 1089 1067 3.6

PLE B/ NYREL AT F(Co, Ni),Si Fi T, 434 01
SJ(W.FE 43(e)), M\ HRTEM F# H # 0] L 31(Co, Ni),Si e ~

PFAEE AN, RSFZ08 5~6 nm(JLE 43(h), &+ 3 ERERSHR

Orowan HLillT7 R (SRR B oA 25 o AR, Z8id iy

TR TE J5 51 N R i 25 5 (1 7 8 7 Ve B A5CtR S IR AT 4 Har, BIETE RS A S8 Bt & s
A1E, FFHMEgE, B8R TR SALRBE . N T L E M A g0 SRR R
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5+(Co.Ni),Si"

*
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% |

~ J-(CoNi)Si |

43  Cu-4.5Ni-1.2Co-1.0Si-0.15Mg & & [ ¥4 4b #5223 70%74 FLARTEAE 400 'C TFEF AL 2 h )5 FRA LR TE 70% )5 #E4T 450 C
IR TEM 7 () 10 min (33%1%; (b), (c) 20 min (IWI3%15; (d) 10 min (K CBE%1%; () 20 min [R) O REI7 15
(f) 20 min ) HRTEM Al FFT

Fig. 43 TEM images of Cu-4.5Co-1.0Si-1.2Ni-0.15 Mg alloy treated by solid solution treatment+70% cold rolling deformation+
aging at 400 ‘C for 2 h+70% cold rolling again+aging at 450 C for different time!™!: (a) Bright field image of sample aged for 10
min; (b), (c) Bright field images of sample aged for 20 min; (d) Central dark field image of sample aged for 10 min; (e) Central dark
field image of sample aged for 20 min; (f) HRTEM and FFT images of sample aged for 20 min
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Composition design, phase transition and fabrication of copper
alloys with high strength and electrical conductivity

LI Zhou', XIAO Zhu', JIJANG Yan-bin'*3, LEI Qian?, XIE Jian-xin®

(1. School of Materials Science and Engineering, Central South University, Changsha 410083, China;
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Beijing, Beijing 100083, China)

Abstract: With the rapid development of aerospace, microelectronics, rail transit, communication and other industries,
higher requirements have been put forward for the performance of copper alloys with high strength and high electrical
conductivity. This paper reviews the micro-alloying principle, thermo-mechanical processing, phase transformation and
the relationship of microstructure and properties of the various typical copper alloys with high strength and high electrical
conductivity. The distribution of alloying elements in the alloy and their effect on the precipitation behavior, phase
transition sequence and microstructure evolution of the alloys in service were stated. The main problems and relevant
solutions of the copper alloys with high strength and high electrical conductivity were recommended.
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